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LATERALLY LOADED DRILLED SHAFTS FROM FULL SCALE FIELD TESTS 
Sarah Myers 
Dr. J. Erik Loehr, Thesis Supervisor 
ABSTRACT 
 The current engineering guidelines of drilled shafts subject to lateral loading 
contain numerous approximations leading to design issues faced by the Missouri 
Department of Transportation (MoDOT).  In designing deep foundations it is important 
to understand the behavior of drilled shafts under lateral loading.  The objective of the 
research is to develop the “true” drilled shafts response to lateral loading by conducting 
full-scale field tests. 
Twenty-five drilled shafts were constructed at two sites in Missouri as part of a 
previous “geotechnical thrust” research program.  In order to measure the response of the 
foundations to static lateral loading, sixteen full-scale lateral load field tests were 
performed on the drilled shafts.  All the tests were conducted in pairs therefore two 
foundations were loaded and monitored simultaneously.  The data acquired from the field 
load tests were reduced and analyzed following conventional data reduction procedures 
to establish the observed lateral response of the drilled shafts in terms of load and 
deflection.  The measured load-displacement curves were compared to the predicted load-
displacement curves used by the commercial software program L-Pile.  The data also 
allowed characterizing the variability and uncertainty involved with the prediction of the 
lateral response of drilled shafts.  
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CHAPTER 1 INTRODUCTION 
 
  The primary objectives of the work described in this thesis are described in this 
chapter along with the methodology adopted for achieving those objectives.  The overall 
organization of this thesis is also described. 
1.1 Objective 
 The primary objectives of the work presented in this thesis are to quantify the 
variability of lateral displacements that are induced due to lateral loading of drilled shafts 
and to compare the measured response to drilled shafts subjected to lateral loads to the 
predicted response derived from commercially available software.  Achieving these 
objectives will contribute to improving current Missouri Department of Transportation 
(MoDOT) design guidelines for laterally loaded deep foundations.  Furthermore, 
achieving these objectives will contribute to the profession at large by providing unique 
empirical data to characterize the variability of displacements that result from lateral 
loading.  Such data is not presently available.  The empirical data produced as part of this 
work will provide the profession with a collection of data that can be used for evaluation 
and calibration of reliability-based design methods and load and resistance factor design 
(LRFD) methods that address serviceability limit states.  The research presented in this 
thesis addresses the field load testing program and analysis and interpretation of the 
observed load-displacement response of the drilled shafts.  Other activities and 
objectives, including probabilistic characterization of predictive models, calibration of 
resistance factors, and the development of recommended design guidelines are being 
performed by others at the University of Missouri Geotechnical Engineering Department 
and, thus, are not addressed in this thesis.  
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1.2 Methodology 
The methodology adopted to accomplish the objectives is to measure the “true” 
response of drilled shafts subjected to lateral loading by conducting full-scale field load 
tests on drilled shafts located at two sites in Missouri.  Twenty-five drilled shafts were 
constructed in the summer of 2010 as part of previous MoDOT research.  In order to 
measure the response of the drilled shafts to static lateral loading, sixteen full-scale lateral 
load tests were performed on these drilled shafts.  All tests were conducted in pairs; 
therefore, two foundations were loaded and monitored simultaneously.  The data acquired 
from the field load tests were reduced and analyzed following conventional data 
reduction procedures to establish the observed lateral response of the drilled shafts in 
terms of load and deflection.  The measured load-displacement curves were compared to 
load-displacement curves predicted using the commercial software program L-Pile™.  
The variability and uncertainty of lateral displacements were also quantified using least-
squares regression analyses. 
1.3 Organization of Thesis 
The thesis is organized into seven different chapters.  Chapter 2 provides the 
necessary background information for the previous and current MoDOT research 
program.  Descriptions of drilled shaft construction, instrumentation, and ground 
conditions for each site are also included in Chapter 2.  Chapter 3 includes descriptions of 
the field testing program, the load testing apparatus, and the load testing procedures 
followed for all load tests.  Chapters 4 and 5 provide the testing results for the Frankford 
and Warrensburg Load Test Sites, respectively.  The techniques used for analysis and 
interpretation of the load-displacement response from the load test measurements are 
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described in Chapter 6; result of these analyses are also presented in the chapter.  Finally, 
Chapter 7 provides a summary of the thesis along with conclusions and recommendations 
drawn from the work performed.   
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CHAPTER 2 BACKGROUND 
 
Background information regarding the broader research program, of which this 
project was a part, is described in this chapter.  Information about the two test sites, 
including subsurface conditions and details of drilled shaft construction, concrete testing, 
and instrumentation are also presented.   
2.1 MoDOT Research Program 
 The laterally loaded drilled shafts research program described in this thesis is a 
follow-on to prior work perform for the Missouri Department of Transportation 
(MoDOT) to evaluate the reliability of axial load transfer for drilled shafts in Missouri 
shales.  As part of this work, twenty-five drilled shafts were constructed at the Frankford 
and Warrensburg Load Test sites in Missouri during the summer of 2010.  For the present 
work, the drilled shafts constructed as part of previous research program were laterally 
load tested to measure the response to lateral loading.  Information from the previous 
work that is relevant to lateral load testing is described in this chapter.  Additional details 
of the previous research is documented in the MoDOT technical report, Load and 
Resistance Factor Design of Drilled Shafts in Shale Using SPT and TCP Measurement 
(Loehr et al., 2015).   
 The principle objective for the previous research was to develop MoDOT specific 
design relations for predicting side and tip resistance for drilled shafts in shale and to 
establish appropriate resistance factors to achieve established target levels of reliability. 
Each shaft was axially load tested using the Osterberg Cell (O-Cell
TM
) load testing 
technique.  The O-Cell
TM
 was used for full-scale axial load testing of drilled shafts and 
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was pressurized during the load test to apply “bi-directional” load to the respective 
portions of the shaft above and below the cell.  The objectives of the lateral load testing 
program completed during the summer of 2012 were similar those for the axial load 
testing program completed during the summer of 2010.    
2.2 Frankford Load Test Site 
 The Frankford Load Test site is located near Frankford, Missouri along U.S. 
Highway 61, northwest of St. Louis as shown in Figure 2.1.  The test shafts were 
constructed along the ditch line of the outer gravel road on the west side of U.S. 61, just 
south of the intersection with Pike County Road 58 as shown in Figure 2.2.   
 
Figure 2.1 - Location of Frankford Load Test Site.  (Google Earth, 2013) 
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Figure 2.2 – Location of Frankford Load Test Site along U.S. Highway 61 near 
intersection with Pike County Road 58.  (Google Earth, 2013)2.2.1 Subsurface 
Conditions 
2.2.1 Subsurface Conditions at Frankford Site 
 The Ordovician Maquoketa shale formation in the area is typically a laminated, 
silty, calcareous or dolomitic shale.  At the site, the stratigraphy is composed of 
weathered shale overlying unweathered shale, which in turn overlies competent 
limestone.  Figure 2.3 presents uniaxial compressive strength (𝑈𝐶𝑆) measurements made 
at the location of the test shafts along with the mean and standard deviation of the 
measured 𝑈𝐶𝑆 for each layer.  The mean values for each stratum are shown as solid 
vertical lines.  The dashed vertical lines reflect the mean value plus or minus one 
standard deviation of the mean, i.e. the “model” standard deviation.  The horizontal lines 
reflect location of the stratum changes. The 𝑈𝐶𝑆 for the weathered shale ranged from 3 
to 30 ksf while the 𝑈𝐶𝑆 for the unweathered shale ranged from 40 to 100 ksf.  The 
strength of the shale varies with the degree of weathering, but is fairly consistent and 
uniform across the site.  Results from Standard Penetration Test (SPT) measurements at 
Test Site 
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the site produced equivalent SPT 𝑁-values ranging from 29 to 101 blows/ft within the 
weathered shale and ranging from 203 to 304 blows/ft in the unweathered shale.   
 
Figure 2.3 – Measured UCS values shown with interpreted “model” values. 
2.2.2 Drilled Shafts 
Ten test shafts were constructed at the site with diameters ranging from three to 
five feet and lengths ranging from 20 to 35 feet.  The test shafts were arranged in a 
straight line, parallel with U.S. 61, and designated as TS-F1 through TS-F10 as shown in 
Figure 2.4.  
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Figure 2.4 – Layout of test shafts at Frankford Load Test Site.  
Test Shaft Construction.  All test shafts were constructed using the “dry” method with 
permanent casing.  The shafts were constructed using a Watson-3100 CM rig with a 36- 
or 60-inch auger depending on the shaft size excavated. A short, oversized section of 
temporary casing was placed to a depth of approximately five feet to prevent sloughing of 
surficial gravel.  The rock sockets were then excavated to the desired depth using the 
appropriately sized auger and cleaned using either the augers or a cleanout bucket.  
Permanent steel casing was placed in the middle of the temporary casing.  Since there 
was very little overburden present at the Frankford site, both the temporary and 
permanent casings were relatively short (approximately 5 feet).   
 Following excavation and cleanout of each shaft, the reinforcing cage was lifted 
into a vertical alignment and lowered into the hole using the drill rig and a loader.  For all 
36-inch diameter shafts, several feet of fresh concrete were placed into the hole prior to 
positioning of the reinforcing cage.  No concrete was placed prior to installation of the 
reinforcing cage for the 60-inch diameter shafts.  Wheel spacers were placed on the 
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reinforcing cages to maintain alignment of the reinforcing cage within the center of the 
hole.   
 The concrete used for all test shafts at the Frankford site was MoDOT Class B-2 
concrete with a minimum compressive strength of 4,000 psi and a maximum aggregate 
size of ¾ inches.  The concrete was placed using a “ported” tremmie pipe and was 
adjusted using super plasticizers to achieve a slump of nine to ten inches prior to 
beginning concrete placement.  Concrete slump and entrained air tests were performed 
for each shaft according to AASHTO standard methods T119 and T152.  
Concrete cylinders were taken for each shaft to establish the concrete strength and 
modulus.  Table 2.1 presents the measured 28-day compressive strengths for the concrete 
in each shaft.  A summary of other characteristics are provided for each test shaft in 
Appendix A, including as-built drawings for each shaft.  Each test shaft can generally be 
divided into three sections having different characteristics.  The first section is the 
uppermost section of the shaft, which is composed of reinforced concrete with the 
permanent casing.  The second section that is just below the uppermost section is 
composed of reinforced concrete, without casing.  Finally, the third section is located at 
the shaft tip and is composed of unreinforced concrete without reinforcing steel.  Details 
regarding the casing, instrumentation, and reinforcing steel are also provided in Appendix 
A.   
Table 2.1 – 28-day compressive strength of the concrete. 
Test Shaft 
Compressive Strength 
of Concrete 
(lbs/in
2
) 
F1 4,083 
F2 3,643 
F3 6,629 
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F4 4,850 
F5 4,802 
F6 4,623 
F7 5,707 
F8 3,870 
F9 7,362 
F10 5,707 
 
Instrumentation.  Each shaft was instrumented with six levels of vibrating wire 
strain gages, four to five tell-tale rods and one inclinometer casing.  The strain gages 
were vibrating wire, concrete embedment gages (Geokon Model 4200) attached to u-
brackets welded inside the reinforcing cage as shown in Figure 2.5.  Most shafts were 
instrumented with four gages at each level totaling 24 gages per shaft.  Due to vandalism 
at the site, additional cable lengths were spliced together for all of the strain gages.  A 
single inclinometer casing was installed in each test shaft as shown in Figure 2.6.  Two 
geophones were also installed in most of the shafts to allow for evaluation of small strain 
concrete modulus. Cross-hole sonic logging (CSL) tubes were also installed in two of the 
test shafts.  Six CSL tubes were installed in test shaft TS-F5 while four CSL tubes were 
installed in test shaft TS-F7.  Osterberg Cell loading devices were installed in eight test 
shafts while the alternative RIM Cells
TM
 were installed in two shafts.  Those devices 
were used for the axial load test program that was completed prior to the current work, as 
documented in Loehr et al. (2015). 
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Figure 2.5 – Vibrating wire strain gage mounted on reinforcing cage. 
 
Figure 2.6 – Inclinometer casing attached to reinforcing cage. 
2.3 Warrensburg Load Test Site 
The Warrensburg Load Test site is located near the city of Warrensburg in west-central 
Missouri, approximately 60 miles east of Kansas City as shown in Figure 2.7.  The test 
U-Bracket 
Strain Gage 
Inclinometer 
Casing 
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shafts were constructed in the right-of-way for U.S. Highway 50, near the intersection of 
Missouri Highway 13 and State Highway HH as shown in Figure 2.8.   
 
Figure 2.7 – Location of Warrensburg Load Test Site.  (Google Earth, 2013) 
 
Figure 2.8 – Location of Warrensburg Load Test Site east of Warrensburg, MO on U.S. 
Highway 50 near the intersection with State Highway HH.   
(Google Earth, 2013) 
Test Site 
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2.3.1 Subsurface Conditions 
 The stratigraphy at the Warrensburg site includes approximately 15 feet of silty 
clay overburden soil overlying shale formations with highly variable strength.  Sporadic 
sandstone is also present in places at the contact between the overburden soils and the 
underlying shale.  The bedrock within the depths encountered by the test shafts includes 
Pennsylvanian rock from the Croweburg and Fleming formations that generally contain 
sandstone, siltstone, limestone, and coal beds.  Figure 2.9 presents results from 𝑈𝐶𝑆  
measurements on samples from the Warrensburg site, along with the mean and standard 
deviation for 𝑈𝐶𝑆 in each layer.  Measured values of 𝑈𝐶𝑆 in the Croweburg formation 
range from 3 to 80 ksf while measured 𝑈𝐶𝑆 values from the Fleming formation range 
from 5 to 240 ksf.  Measured equivalent SPT 𝑁-values within the Croweburg formation 
range from 93 to 122 blows/ft while 𝑁-values in the Fleming formation range from 122 
to 304 blows/ft.   
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Figure 2.9 – Measured UCS values shown with interpreted “model” values.  The 
horizontal lines indicate approximate boundaries between strata. 
2.3.2 Drilled Shaft  
 The test shafts at the Warrensburg were constructed in three rows of five shafts 
between U.S. 50 and the westbound entrance ramp to U.S. 50 as shown in Figure 2.10.  
Fifteen shafts were constructed with diameters of 36 inches and lengths ranging from 30 
to 50 feet.  The shafts were designated as test shafts TS-W1 through TS-W15. 
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Figure 2.10 – Layout of test shafts at the Warrensburg Load Test Site. 
Construction.  All test shafts were constructed using the “dry” method with 42-inch 
diameter permanent casing through the overburden soils.  A Lo-Drill rig was used to 
construct the shafts using a 36-inch diameter auger bit to drill approximately 10 to 15 feet 
then used a 42-inch core barrel to expand the hole for placement of the permanent casing.  
The rock socket was then excavated with a 36-inch auger to the desired tip elevation.   
 Following excavation and cleanout of each shaft, the reinforcing cage was lifted 
into a vertical alignment and lowered into the hole using a boom truck.  Approximately 
18 inches of fresh concrete was placed into the drilled hole prior to the placement of the 
reinforcing cage.  Wheel spacers were placed on the reinforcing cage as it was lowered 
into the hole to keep the cage centered within the hole.   
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 Concrete was placed into the shafts using a concrete pump following the 
placement of the reinforcing cage.  MoDOT Class B-2 concrete with aggregate gradation 
D, which has a maximum aggregate size of 1 inch, was utilized for all but two of the test 
shafts.  The specified minimum compressive strength of the concrete was 4,000 psi.  The 
concrete slump was adjusted using super plasticizer to achieve a slump of approximately 
ten inches prior to placement.  Slump and entrained air tests were performed for each 
concrete batch according to AASHTO standard methods T119 and T152.  Concrete 
cylinders were prepared for each test shaft to determine the compressive strength of the 
concrete.  An alternative, “self-consolidating concrete” (𝑆𝐶𝐶) mix was used in shafts TS-
W7 and TS-W9. Slump tests and J-ring tests following ASTM Standard C1621M-09b 
were performed on the 𝑆𝐶𝐶 as shown in Figure 2.11.   
 
Figure 2.11 – Slump test and J-ring tests performed on the self-consolidating concrete. 
 Test shafts TS-W6, TS-W12, TS-W13, TS-W14, and TS-W15 were post-grouted 
shafts that included a post-grouting plate and grouting tubes attached to the reinforcing 
cage prior to the cage being lowered into the hole.  Due to space limitations in the 36-
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inch diameter shafts, a neat cement grout (i.e. water-cement grout) with a water-cement 
ratio of 0.45 was placed into the shaft using a grout hose until the grout reached just 
above the level of the O-cell
TM
 top plate.  Class B-2 concrete was then used for the 
remainder of the shaft.  
Test Shaft Characteristics.  A summary of test shaft characteristics, including 
“as-built” drawings for each shaft and other tabular data, is provided in Appendix A.  As 
was done for tests shafts at the Frankford site, each shaft was divided into three sections.  
The uppermost section has a nominal diameter of 42 inches and corresponds to the length 
of shaft with permanent casing and reinforced concrete.  The second section has a 
nominal diameter of 36 inches and includes reinforced concrete.  The third section is 
located near the tip of each shaft and also has a nominal diameter of 36 inches, but 
includes no reinforcing steel.  The post-grouted test shafts contained approximately half 
of the reinforcing steel included in the “normal” test shafts.  Additional details about the 
casing, instrumentation, and reinforcing steel are provided in Appendix A.  Table 2.2 
presents the 28-day compressive strength of the concrete for each shaft. 
Table 2.2 – 28 day compressive strength of the concrete. 
Test Shaft 
Compressive Strength 
of Concrete 
(lbs/in
2
) 
W1 7,460 
W2 7,730 
W3 8,570 
W4 5,970 
W5 6,034 
W6 6,590 
W7 9,180 
W8 6,540 
W9 9,020 
W10 6,440 
W11 5,970 
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W12 9,160 
W13 8,920 
W14 9,120 
W15 7,390 
 
Instrumentation.  Each test shaft was instrumented with six levels of vibrating wire 
strain gages, four to five tell-tale rods and one inclinometer casing.  As with the shafts at 
the Frankford site, the strain gages used were vibrating wire, concrete embedment gages 
(Geokon Model 4200) attached to u-brackets welded inside the reinforcing cage.  Most 
test shafts were instrumented with four gages at each level totaling 24 gages per shaft; 
however, the post-grouted shafts were instrumented with two gages at each level.  
Resistance type sister bar strain gages were also placed near the shaft tip for six of the 
shafts and “smart” tip gages were placed near the tip of two test shafts.  Two geophones 
were also installed in most of the shafts to allow for evaluation of small strain concrete 
modulus. Cross-hole sonic logging (CSL) pipes were installed in two of the test shafts.  
Test shafts TS-W1 and TS-W2 both included four CSL tubes.  Osterberg Cell loading 
devices were installed in thirteen of the test shafts while alternative RIM Cells
TM
 devices 
were installed in two of the test shafts. 
2.4 Summary 
Chapter 2 presented information on the previous and current MoDOT research programs.  
Subsurface conditions, drilled shaft construction, concrete testing, and instrumentation 
are included in Chapter 2 for both of the load test sites.  Additional “as-built” information 
for all drilled shafts is provided in Appendix A.  In the next chapter the lateral load field 
testing program and apparatus are discussed.   
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CHAPTER 3 FIELD TESTING PROGRAM & APPARAUTS  
 
In total, three lateral load tests involving six test shafts were performed at the Frankford 
Load Test Site and thirteen lateral load tests involving 21 test shafts were performed at 
the Warrensburg Load Test Site.  The load testing program, load testing frame, data 
acquisition, and testing procedures are described in this chapter.   
3.1  Testing Program 
 The primary focus of the load testing program was to measure the response of the 
drilled shafts to static lateral loading.  All tests were performed on pairs of shafts so that 
two foundations were loaded and monitored simultaneously, producing measured 
performance for two test shafts from each individual test.  Since the length and stiffness 
of the test shafts varied, the specific shaft pairs for each test were selected to try to match 
shafts with similar stiffness to the extent possible. A total of sixteen lateral load tests 
were performed, which produced 32 individual measurements of shaft performance.  
Some shafts were used for multiple tests. 
3.1.1  Testing at Frankford Load Test Site 
 Three individual tests were performed at the Frankford Load Test site as shown in 
Figure 3.1; the boxes shown in the figure indicate the shaft pairs that were tested.  Test 
shaft TS-F1 was tested with shaft TS-F2 and test shaft TS-F7 was paired with test shaft 
TS-F8.  Test shaft TS-F4 was paired with test shaft TS-F6, which required that the test 
apparatus span test shaft TS-F5.  Test shafts TS-F3, TS-F5, TS-F9 and TS-F10 because 
the reaction beams for the loading apparatus cannot accommodate the 60-inch diameter 
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shafts.  
 
Figure 3.1 – Layout of test shaft pairs at the Frankford Load Test Site with rectangles 
indicating shafts that were tested together. 
The spacing between paired test shafts was generally 15 feet (30 feet for the test 
involving TS-F4 and TS-F6).  This distance is comparable to the recommendations of a 
clear distance of approximately five shaft diameters provided in ASTM D3966 (2007).  
Previous work by Reese (Reese et al., 2006) suggests that, there is no reduction in pile 
group lateral capacity beyond a spacing of 3.75 pile diameters compared to the sum of the 
individual pile capacities.  Based on this reference, and considering the similarity of 
results from tests performed at different shaft spacings (i.e. whether spaced at five shaft 
diameters or ten), the spacing for all tests is likely sufficient to avoid any interaction 
between shafts that were loaded simultaneously.   
3.1.2 Testing at Warrensburg Load Test Site 
 Thirteen individual tests were performed at the Warrensburg Load Test site as 
shown in Figure 3.2; the boxes represent the pairs that were tested simultaneously.  Test 
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shaft TS-W1 was tested with shaft TS-W2, and then subsequently tested again with shaft 
TS-W5 in a subsequent test.  Each pair of shafts that was tested simultaneously were 
generally of similar size and stiffness.  The exceptions to this condition include tests for 
TS-W6 and TS-W7, where TS-W6 has approximately half the reinforcing steel as 
TS-W7, and TS-W1 and TS-W5, where TS-W5 is substantially shorter than TS-W1.  The 
spacing between all shafts at the Warrensburg Load Test Site is 15 feet, which again is 
likely to be sufficient to avoid substantially interaction between tests shafts, as explained 
for the Frankford Load Test Site in the previous section. 
 
Figure 3.2 – Layout of the test shafts at the Warrensburg Load Test Site with rectangles 
indicating shafts that were tested together.  Green shafts were post-grouted shafts; pink 
shafts had RIM Cells
TM
 while the blue shafts had O-Cells
TM
. 
The primary objective of the lateral load tests was to obtain measurements of the 
lateral load-displacement response (i.e. p-y response) for drilled shafts in shale.  A 
significant challenge faced for testing at the Warrensburg site was that it can be difficult 
to transfer substantial lateral load to the shale layers, which are overlain by 10 to 15 feet 
of silty-clay overburden.  To try to address this challenge, some of the overburden soil 
adjacent to some of the test shafts was removed after applying an initial sequence of 
lateral loads to try to “soften” the lateral response of the overburden soils and induce 
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greater loading at depth.  Soil was “removed” by drilling several holes approximately 15 
feet deep, as near to the test shafts as possible and in the direction of the opposing test 
shaft as shown in Figure 3.3 and Figure 3.4.  Most shaft pairs were tested before, and 
after, drilling the holes so that the measured response before and after drilling the holes.  
However, test pairs TS-W12 and TS-W13, TS-W14 and TS-W15, and TS-W1 and 
TS-W5 were not tested prior to soil removal because of scheduling constraints.  In the 
remainder of this thesis, the term “soil removed” will be used to reflect results from tests 
performed after soil removal.  
 
Figure 3.3 - MoDOT personnel drilling holes next to the test shafts. 
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Figure 3.4 - Drilled holes adjacent to the shaft prior to retesting. 
 In order to provide the necessary space for the load testing frame and 
instrumentation, several micropiles located within the plan area of the test shafts had to 
be cut off as shown in Figure 3.5.  The micropiles were cut off at the ground surface, 
leaving some length of micropiles below the surface.  These micropiles were generally 
located at locations that did not lie between the test shafts that were tested simultaneously 
and, thus, did not contribute to the observed response of the drilled shafts for any tests.   
 
Figure 3.5 - MoDOT personnel removing the micropiles at the Warrensburg site. 
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3.2 Loading Apparatus 
 As shown in Figures 3.6 through 3.11, lateral loading of the test shafts was 
accomplished by pulling the paired shafts together using a loading apparatus (Fig. 3.6) 
and four hydraulic jacks.  Four hollow jacks (110 MP Series 03) provided by 
DYWIDAG-Systems International (DSI) were used to tension four grade 150 steel 
threadbars that were installed through the flanges of two reaction beams located behind 
each shaft.  Application of pressure to the jacks tensioned the bars, which loaded the 
beams, which in turn applied load to seatings that were placed around each shaft, thereby 
laterally loading the two test shafts.  Each seating consisted of three plates designed to 
transfer load from the beam to the shaft via a steel collar.  Details for the seating and 
hemispherical bearing are provided in Figures 3.7 and 3.8, respectively.  Figure 3.9 
shows a photograph of the apparatus in use for testing shafts TS-F7 and TS-F8 at the 
Frankford site. 
The loading frame was designed to apply an ultimate load of 600 kips.  Design 
checks for the loading frame included shear and bending moment capacity of the reaction 
beams, and axial capacity and deflection of the bars.  The reaction beams are W24x131 
sections with multiple plate stiffeners to increase shear resistance.  For initial tests, a 
hemispherical bearing (Figs. 3.8 and 3.10) was placed between the reaction beam and 
seating to ensure application of a “point load” as the shafts deflected and rotated.  
However, the bearing allowed too much independence of movement during testing, 
particularly considering the length of the threaded bars, and the bars tended buckle as the 
load was increased during initial tests.  Because of these problems, the hemispherical 
bearing was not used for subsequent tests as shown in Figure 3.11.  Tests performed 
without the bearings were quite successful and proved to be self-aligning.   
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Figure 3.6 – Load frame for lateral load testing. 
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Figure 3.7 – Seating details for lateral load testing. 
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Figure 3.8 – Hemispherical bearing detail for lateral load testing. 
 
Figure 3.9 – Lateral loading apparatus at the Frankford site. 
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Figure 3.10 – The beam, seating, and hemispherical bearing for test shaft TS-W2. 
 
 
Figure 3.11 - Beam and seating without hemispherical bearing. 
3.3  Instrumentation  
Both test shafts and the loading apparatus were instrumented during testing to 
monitor the applied load, shaft deflection, and strain along the shaft length.  In-place 
inclinometers, referred to as ShapeAccelArrays, were used to measure deflection and 
Beam 
Bearings 
Seating 
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vibrating wire strain gages where used to measure strain along the shaft length.  Vibrating 
wire displacement transducers and dial gages were used to measure displacement and 
rotation of the shaft head.  The applied load was measured by monitoring the hydraulic 
pressure supplied by the pump and using DYNA force sensors attached to the threaded 
bars.  Multiple devices were used to provide redundancy for all measurements. Each 
instrument is described in more detail in the sections that follow.  
3.3.1 Data Acquisition for Vibrating Wire Strain Gages and Displacement 
Transducers 
The DataTaker DT85G data acquisition system shown in Figure 3.12 was used to 
collect data for the vibrating wire displacement transducers and strain gages throughout 
each test.  Geokon Model 4200 vibrating wire strain gages were attached to the 
reinforcing cage in six levels, as described previously in Chapter 2.  The vibrating wire 
displacement transducers are described subsequently in Section 3.3.3.   
 
Figure 3.12 – DataTaker data acquisition system used to record measurements from 
vibrating wire strain gages and vibrating wire displacement. 
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3.3.2 In-Place Inclinometers 
 Two ShapeAccelArray (SAA) in-place inclinometer devices were used to 
measure deflection along the length of each test shaft in lieu of conventional 
inclinometers, as shown in Figures 3.13 through 3.16.  The SAA’s were placed in 1-inch 
diameter PVC casing that was grouted inside of the conventional inclinometer casing that 
was installed in each drilled shaft during construction.  The PVC pipe was grouted within 
the inclinometer casing using a lean, neat cement grout as shown in Figure 3.13.  Some 
settling of the grout occurred during curing so sand was subsequently poured into the 
annular space between the PVC pipe and inclinometer casing to fill any remaining void 
space.  Figures 3.14 and 3.15 show the SAA installed within the PVC pipe that has been 
grouted inside of the conventional inclinometer casing.   
 
Figure 3.13 - Grouting the PVC pipe into inclinometer casing. 
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Figure 3.14 – Placement of SAA in PVC pipe that is fixed within inclinometer casing 
using grout and sand. 
 The SAA is an inclinometer formed from a jointed array of rigid segments with 
triaxial MEMS accelerometers in each segment (Fig. 3.16) to measure tilt (Measurand, 
2012).  The measuring principle of the SAA is therefore similar to that of a conventional 
inclinometer.  Both provide excellent precision and accuracy, but the SAA provides a 
more continuous record of shaft deflection and provides safety and time advantages 
compared with taking manual readings using a conventional inclinometer at the end of 
each load step. The SAA allows for practically continuous measurement of the 2-D and 
3-D deflected shape of the drilled shafts.  SAA measurements were recorded using the 
software program, SAARecorder, provided with the device during testing.   
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Figure 3.15 – SAA mounted on top of drilled shaft during testing. 
 
Figure 3.16 –Sensorized segment and joint from SAA. 
3.3.3 Vibrating Wire Displacement Transducer 
 Geokon Model 4450 vibrating wire displacement transducers were used to 
measure displacement and rotation at the shaft head.  As shown in Figure 3.20, the 
displacement transducers were mounted to the steel casing using magnetic holders and 
SAA 
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connected to the reference beam using machine screws.  Two displacement transducers 
were mounted to the top of each test shaft, one above the other, to allow for measurement 
of both displacement and shaft head rotation as shown in Figures 3.17 and 3.18.  Output 
from the vibrating wire displacement transducers was recorded continuously using the 
DataTaker data acquisition system described in Section 3.3.1.   
 
Figure 3.17 – Vibrating wire displacement transducers attached to the reference beam. 
 
Figure 3.18 – Vibrating wire displacement transducers mounted to the drilled shaft. 
Vibrating wire 
displacement 
transducers 
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3.3.4 Dial Gages 
To provide some redundancy, one dial gage was also attached to each test shaft to 
measurement lateral deflection.  The dial gages were mounted on the steel casing and 
connected to the reference beam at the approximate average elevation of the displacement 
transducers as shown in Figure 3.19.  Dial gage measurements were recorded manually at 
one-minute intervals during testing. 
 
Figure 3.19 – Dial gage mounted to the drilled shaft and connected to the reference beam. 
Two reference beams were used to provide a stationary reference for the dial 
gages and displacement transducers, as shown in Figures 3.20 and 3.21.  The reference 
beams were fabricated from lightweight galvanized steel channel section with dimensions 
of approximately 2 in x 8 in in cross-section.  The channel sections were supported on 
stacked cinder blocks located well away from the test shafts (Figs. 3.20 and 3.21).   
Dial Gage 
35 
 
  
Figure 3.20 – Reference beam supports. 
 
Figure 3.21 – Reference beam setup. 
3.3.5 DYNA Force Elasto-Magnetic Sensors  
DYNA Force sensors are a relatively new type of sensor that can be used to 
measure the mobilized force in threaded bars and post-tensioning strands.  The sensors 
Reference Beam 
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operate “based on the magneto-elastic properties of ferrous material.  The permeability of 
steel in a magnetic field changes with the stress level in the steel.  By measuring the 
change in permeability, the stress in the steel element can be determined” (DSI, 2012).  
Because these sensors are relatively new, they were largely used in an experimental 
capacity for the lateral load testing program. 
Four DYNA Force sensors, one for each threaded bar, were used for each 
individual test as shown in Figures 3.22 and 3.23.  The readout unit shown in Figure 3.24 
was used to magnetically energize the steel through the sensor and convert the response 
into a direct force reading (DSI, 2012).  A thermistor in each sensor also allowed for 
direct temperature readings.  Sensor readings were manually recorded at the beginning 
and end of each load step.   
 
Figure 3.22 – DYNA Force sensors attached to DYWIDAG bars. 
 
Force Sensors 
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Figure 3.23 – DYNA Force sensors installed on DYWIDAG bars. 
In general, readings from the DYNA Force sensors were inconsistent and 
questionable, likely because of temperature effects due to extreme heat during testing, 
with daily high temperatures above 100ºF, and direct exposure to sunlight.  Therefore, the 
results presented in subsequent chapters are based on hydraulic pressure measurements.     
 
Figure 3.24 – DYNA Force readout unit. 
38 
 
3.3.6 Pressure Gage on Hydraulic Pump 
 Load was applied using hydraulic jacks as shown in Figure 3.25.  The hydraulic 
pressure applied to each jack was manually recorded for each load step.  This pressure 
was then converted to a force via a simple calibration provided for each jack by the 
supplier.  The pressure gage for the pump had a maximum recordable pressure of 10,000 
psi, shown in Figure 3.26, corresponding to a maximum load of approximately 1,500 kips 
for four jacks.  Load was typically increased in 200 psi increments, corresponding to 
approximately 29 kips using four jacks, up to a maximum load of around 300 kips at a 
pressure of 2,000 psi.  The pressure gage was marked in 100 psi increments. 
 
Figure 3.25 – Hydraulic jack on DYWIDAG bar applying load to beam through a bearing 
plate. 
39 
 
 
Figure 3.26 – Hydraulic pump with pressure gage. 
3.4 Testing Procedure 
Testing for a single load test (involving two test shafts) typically required 
approximately one day to disassemble the apparatus from the previous test and set up the 
loading frame and instruments for the following test, and approximately one day for 
conducting each test.  The specific procedures followed during testing are described in 
detail in this section. 
3.4.1 Test Setup  
 The loading frame was carefully set up for each test with the objective of 
establishing an initial alignment that would allow the shafts to safely displace toward one 
another without damage to the loading frame or instrumentation.  The beams and seatings 
for each test shaft were placed atop timber cribbing and carefully aligned with the beams 
and seatings for the opposing test shaft, both vertically and horizontally.  Beams and 
seatings were moved using a forklift at the Frankford site (Fig. 3.27) and using a 
telehandler at the Warrensburg site (Fig. 3.28).  Minor adjustments to the alignment were 
Pressure Gage 
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made by adding and/or removing cribbing and shims and by shifting the beam using a pry 
bar.  The alignment was checked visually, using a hand level, and by measuring distances 
between corners of the reaction beams. 
 Once the beams and seatings were proper aligned, the threaded bars were installed 
through the holes in the flanges of the beams, which served as a final check of the 
alignment. Threaded bar segments were approximately 10 feet long; individual segments 
were connected using couplers supplied by DSI.  Steel bearing plates were placed on the 
threaded bars against the outside of the reaction beams before sliding the hydraulic jacks 
onto the threaded bars.  The hydraulic supply and return lines for each jack were then 
connected to a manifold system, which in turn was connected to the hydraulic pump.  The 
reference beams were then assembled perpendicular to the threaded bars and adjusted to 
position the beams at a height that allowed for appropriate installation of the dial gages 
and LVDTs.     
 
Figure 3.27 – Forklift being used to lower the beam in place with fine alignment 
adjustment using a pry bar at the Frankford site. 
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Figure 3.28 – Telehandler being used to place reaction beam on timber cribbing at the 
Warrensburg site. 
Instrumentation for each test was installed on the same day as testing with the 
exception of the DYNA Force sensors, which were installed on the threaded bars as the 
apparatus was assembled.  One SAA was placed atop each shaft and unspooled to lower 
the tip of the SAA to the bottom of the casing.  The SAA’s were then connected to a 
laptop with the supplied data acquisition software. Three people were required for 
installation of the SAA’s to ensure the SAA joints were not bent more than 45 degrees 
and to carefully place the sensors down the conduit pipe.   
The strain gage and displacement transducers cables were connected to the 
DataTaker multiplexer, which was connected to a separate laptop with the necessary data 
acquisition software.  Figure 3.29 shows a typical test setup for lateral load testing.   
The test performed for TS-F4 and TS-F6 at the Frankford site required additional 
threaded bars and couplers in order to bypass shaft TS-F5, as shown in Figure 3.30.  
Because of the greater distance between the test shafts, additional lengths of cable were 
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spliced together for the stain gages in order for the DataTaker system to record 
measurements for both shafts simultaneously. 
 
Figure 3.29 – Typical test setup for shafts TS-W10 and TS-W11. 
 
Figure 3.30 – Test setup for testing TS-F4 and TS-F6, which spans TS-F5. 
3.4.2 Loading Procedure 
 Lateral loads were generally applied according to ASTM D3966 (2007) following 
the loading sequence for “Procedure B: Excess Loading”.  Loads were applied using the 
hydraulic system provided by DSI following the provided operating instructions 
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including preparation, bleeding the jack and stressing. For the first test, the load was 
increased by approximately 10% of the predicted ultimate load for each loading 
increment until the predicted load was reached.  For the remaining tests, load was 
increased in increments of 200 psi on the hydraulic system dial gage, which corresponds 
to a loading increment of approximately 30 kips using four jacks.  Each load increment 
was maintained for approximately 10 minutes or until displacement for both test shafts 
had practically ceased .  For relatively small loads, each load step lasted approximately 
10 minutes.  At greater loads, the duration of each load increment generally increased, 
during which the pump was operated frequently to maintain a constant pressure as the 
shafts displaced.  It was not uncommon for the final load increments for some tests to last 
more than 30 minutes.  Tests were generally terminated when a constant hydraulic 
pressure could not be maintained because one or both of the shafts had reached an 
ultimate state. 
Initial base readings for all of the instrumentation were recorded prior to applying 
the first loading increment.  Readings from the displacement dial gages were manually 
recorded every minute.  The SAA, displacement transducers and strain gages were 
recorded continuously using the respective data acquisition systems and computer 
software.  The DYNA Force sensors were measured and manually recorded at the 
beginning and end of each load increment.  Readings for all the instrumentation was also 
recorded during unloading following a similar procedure.   
The displacement transducers, dial gages, and jacks were continually monitored to 
ensure they did not run out of stroke during loading.  Due to the relatively large 
displacements that were induced, the reference beams would often have to be reset once 
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or twice during loading and again during unloading.  The hydraulic jacks were reset even 
more frequently since their stroke was consumed by displacement of both shafts as well 
as by elastic elongation of the threaded bars.  During resetting of the jacks, the load was 
locked into the loading frame by tightening locking nuts housed within the neck of the 
jacks against the bearing plates.  All adjustments to the instrumentation and equipment 
were clearly noted.  A summary of the lateral load testing results are presented in Table 
3.1.  
Table 3.1 – Summary of load tests completed at the Frankford and Warrensburg sites. 
Shaft Pair 
Date 
Tested 
Number of 
Load 
Increments 
Max. 
Load 
(kips) 
Maximum 
Displacement 
(inches) 
Notes 
TS-F1 & 
TS-F2 
8/23/2012 11 306 8 
“Pop” in TS-F2 at 600 
psi load increment. 
TS-F4 & 
TS-F6 
8/29/2012 11 321 9 
Stress relief “pop” in 
beam during 1,800 psi 
increment.  
“Pop” in TS-F4 after 6 
minutes at 2,200 psi 
increment. 
TS-F7 & 
TS-F8 
8/27/2012 13 365 7 
“Pop” in bar closest to 
TS-F8 at 600 psi 
increment. 
TS-W1 & 
TS-W2 
8/1/2012 16 321 4 
“Pop” in TS-W2 at 
1,800 psi increment. 
TS-W1 & 
TS-W2 
SR 
8/9/2012 10 277 4 
“Pop” in ground near 
TS-W1 after 16 
minutes at 1,800 psi 
increment. 
TS-W1 & 
TS-W5 
SR 
8/20/2012 12 350 9  
TS-W3 & 
TS-W4 
8/6/2012 11 321 5 
Drilling holes for 
TS-W1 & TS-W2 after 
20 minutes at 1,600 psi 
increment. 
Tent canopy fell on 
both reference beams 
after 33 mins at 1,800 
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psi increment. 
TS-W3 & 
TS-W4 
SR 
8/7/2012 10 292 5  
TS-W6 & 
TS-W7 
7/30/2012 8 204 2 
Jacks were adjusted 
several times 
throughout loading. 
TS-W6 & 
TS-W7 
SR 
8/11/2012 11 306 7  
TS-W8 & 
TS-W9 
7/24/2012 20 115 1 
First Test - Testing 
Error Measured bar 
stiffness because didn’t 
adjust jack nuts 
appropriately. 
TS-W8 & 
TS-W9 
SR 
8/15/2012 12 350 8 
Drill rig driving close 
to test shafts 2 minutes 
after 1,000 psi 
increment. 
TS-W10 
& 
TS-W11 
7/27/2012 20 146 1 
Testing Error - 
Measured bar stiffness 
because didn’t adjust 
jack nuts 
appropriately. 
TS-W10 
& 
TS-W11 
SR 
8/13/2012 9 262 6  
TS-W12 
& 
TS-W13 
SR 
8/18/2012 8 233 11  
TS-W14 
& 
TS-W15 
SR 
8/17/2012 9 262 7  
NOTE: SR indicates test performed after soil was removed adjacent to shafts 
3.5 Summary 
A total of sixteen lateral load tests were performed by pulling two drilled shafts 
towards each other at the Frankford and Warrensburg sites. The loading frame apparatus 
included beams, seatings, threadbars, bearing plates, and hydraulic jacks. In order to 
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transfer the load down to the shale, overburden soil was removed adjacent to the shafts at 
the Warrensburg site.  Multiple instruments were utilized to provide redundancy for 
measurements of displacement, strain, and applied load. Testing instrumentation included 
SAAs, vibrating wire strain gages, vibrating wire displacement transducers, dial gages, a 
pressure gage, and DYNA Force sensors.  The lateral loading procedure generally 
followed “Procedure B: Excess Loading” in ASTM D3966.  Results of measurements 
from these tests are presented in Chapters 4 and 5.   
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CHAPTER 4 TESTING RESULTS FOR FRANKFORD 
 
After the load test program described in Chapter 3 was completed, the measured 
response for each test shaft was calculated from instrumentation measurements.  For the 
present work, the shaft response is characterized by the load-displacement behavior at the 
top of the shaft.  In this chapter, load-displacement curves are presented for the test shafts 
at the Frankford site.  Values of load are derived from the DYNA Force sensors and from 
the hydraulic jack pressure.  Values of displacement are derived from measurements for 
the displacement transducers, dial gages, and the SAA segment at the top of each shaft.   
4.1 Load-Displacement Response for Test Shaft TS-F1 
As explained in Chapter 3, the lateral displacement at the top of each test shaft 
was directly measured using two displacement transducers and one dial gage.  In 
addition, the SAA measurements provide a fourth measure of the displacement at the top 
of the shaft.  The applied load was derived from the hydraulic jack pressure and from the 
DYNA Force sensor readings.   
Figure 4.1 presents load-displacement curves derived from the different 
measurements for shaft TS-F1.  Due to issues discussed in Chapter 3, the forces 
determined from the DYNA Force Sensors were substantially lower than those 
determined from the jack pressures.  Similar load-displacement curves were determined 
from the displacement transducers and dial gages when the jack pressures were used to 
establish the applied loads.  The displacements determined from the SAA measurements 
were slightly greater than those determined from the displacement transducers and dial 
gages for all load levels.  This observation is potentially a result of the fact that the SAA 
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measurements were determined near the top of the shaft, which is some distance above 
the elevation of the displacement transducers and dial gages.  The SAA measurements 
near the top of the shaft may also be skewed slightly if segments that remain above the 
top of the shaft tend to “pull” laterally on segments within the shaft.  The load-
displacement curves shown in Figure 4.1 indicate that the maximum applied load was 
approximately 305 kips, and the maximum displacement was approximately 5 inches 
based on the displacement transducers and dial gages.   
 
Figure 4.1 – Load-displacement curves for TS-F1 when tested with TS-F2 at the 
Frankford Load Test Site. 
4.2 Load-Displacement Response for Test Shaft TS-F2 
Figure 4.2 presents the load-displacement curves derived from different 
measurements for shaft TS-F2, which was tested simultaneously with TS-F1.  The load-
displacement curves derived from the jack pressures and the displacement transducers 
and dial gage are quite similar.  The load-displacement curves derived from the jack 
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pressures and SAA measurements are again seen to have slightly greater displacements at 
all applied loads.  The load-displacement response derived from the DYNA Force 
Sensors is also again observed to be substantially lower than derived from the jack 
pressures (note that the applied loads for TS-F1 and TS-F2 are derived from the same 
measurements), and are not believed to reflect the actual applied loads.  Generally 
speaking, the load-displacement response for TS-F2 is similar to that observed for TS-F1, 
with slightly greater displacements at similar loads.     
 
Figure 4.2 – Load-displacement curves for TS-F2 when tested with TS-F1 at the 
Frankford Load Test Site. 
4.3 Load-Displacement Response for Test Shaft TS-F4 
Load-displacement curves derived from different measurements for TS-F4 are 
shown in Figure 4.3 based on the test performed with TS-F6.  The load-displacement 
responses derived from the different measurements are practically similar.  The loads 
derived from the DYNA Force Sensors are slightly greater than those derived from the 
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jack pressure, with the differences generally increasing with increasing applied load.  
Displacements derived from the SAA measurements are also slightly greater than those 
derived from the displacement transducers and dial gages, with the differences being 
similar to those observed for the test on TS-F1 and TS-F2.  The maximum lateral load 
applied during the test was approximately 320 kips with a corresponding displacement of 
approximately 3 inches.   
 
Figure 4.3 – Load-displacement curves for TS-F4 when tested with TS-F6 at the 
Frankford Load Test Site. 
4.4 Load-Displacement Response for Test Shaft TS-F6 
Figure 4.4 presents the load-displacement curves derived from different 
measurements for shaft TS-F6, which was tested with TS-F4.  The load-displacement 
curves for TS-F6 are qualitatively similar to those for TS-F4, but with substantially 
greater displacements at the larger loads.  The DYNA Force Sensors again produce 
greater estimates for load than is produced from the jack pressure and the displacements 
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derived from the SAA measurements are again slightly greater than those from the 
displacement transducers and dial gages.  The maximum lateral deflection recorded for 
TS-F6 was approximately 8 inches.   
 
Figure 4.4 – Load-displacement curves for TS-F6 when tested with TS-F4 at the 
Frankford Load Test Site. 
4.5 Load-Displacement Response for Test Shaft TS-F7 
Load-displacement curves derived from different measurements for shaft TS-F7 
when tested with TS-F8 are shown in Figure 4.5.  Similar to what was observed for TS-
F4 and TS-F6, the load-displacement curves derived from all measurements are 
practically similar.  Loads derived from the DYNA Force Sensors are somewhat greater 
than those derived from the jack pressure; however the ultimate load for both 
measurements is quite similar.  The maximum applied load was approximately 360 kips, 
which produced a maximum lateral deflection of approximately 5 inches. 
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Figure 4.5 – Load-displacement curves for TS-F7 when tested with TS-F8 at the 
Frankford Load Test Site. 
4.6 Load-Displacement Response for Test Shaft TS-F8 
Figure 4.6 presents the load-displacement curves from different measurements for 
shaft TS-F8, which was tested with TS-F7.  The different load-displacement curves are 
again observed to be similar, with slightly greater loads determined from the DYNA 
Force Sensors for most values of applied load, but similar values of the ultimate load.  
The maximum lateral deflection for TS-F8 was approximately 7 inches, which is greater 
than the deflection measured for TS-F7.   
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Figure 4.6 – Load-displacement curves for TS-F8 when tested with TS-F7 at the 
Frankford Load Test Site. 
Additional measurements for all of the tests presented in this chapter are provided in 
Appendix B and Appendix C.  Profiles of measured displacements from the SAA with 
depth for each load step are included in Appendix B.  All displacements for an individual 
test are contained in the same figure, with plots shafts tested together presented side-by-
side.  Appendix C similarly includes the load-displacement response for shafts loaded in 
the same test plotted in a single graph.   
4.7 Comparison of Load-Displacement Response for Different Test Shafts 
Figures 4.7 through 4.9 show comparisons of load-displacement curves for all of 
the shafts tested at the Frankford site.  The curves shown in all three figures are those 
established from loads derived from the jack pressure and displacements derived from the 
lower displacement transducer, which generally reflect the most accurate representation 
of the actual load-displacement response at the ground surface.  Figure 4.7 includes the 
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response for all tested shafts, whereas Figure 4.8 presents results for shafts with lengths 
between 20 feet and 25 feet and Figure 4.9 presents results for shafts with lengths ranging 
from 25 feet to 35 feet.   
The load-displacement response for all shafts is observed to be relatively similar, 
especially for displacements less than approximately 2 inches.  At greater displacements, 
some of shafts showed greater lateral resistance than others, and thus more variable 
displacements.  The ultimate lateral resistance for the collection of shafts ranged from 
approximately 300 to 350 kips.  In general, the longer shafts produced greater lateral 
resistance as expected.  
 
Figure 4.7 – Comparison of measured lateral load-displacement response for tested shafts 
from the Frankford Load Test Site. 
55 
 
 
Figure 4.8 – Comparison of measured load-displacement for shafts with lengths greater 
than 20 ft and less than 25 feet for the Frankford Load Test Site. 
 
Figure 4.9 – Comparison of measured load-displacement for shafts with lengths greater 
than 25 ft and less than 35 feet for the Frankford Load Test Site. 
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4.8 Summary 
The measured lateral load-displacement response for shafts tested at the Frankford 
Load Test site has been presented in this chapter.  The measured response for all shafts 
were quite similar for displacements less than approximately 2 inches, but differed 
somewhat at greater displacements because of differences in the ultimate lateral 
resistance of the respective shafts.  In general, measurements of the applied lateral load 
that were derived from the jack pressure were considered to be more accurate than those 
derived from the DYNA Force Sensors.  Loads derived from the DYNA Force Sensors 
were often somewhat greater than those determined from the jack pressures, but were 
dramatically less than those derived from the jack pressures for the test involving shafts 
TS-F1 and TS-F2.  Displacements derived from the displacement transducers and dial 
gages are consistently similar, and both are considered to accurately represent the actual 
displacements observed near the ground surface.  Displacements derived from the SAA 
measurements near the top of the shafts were slightly greater than those derived from 
displacement transducers or dial gages for all tests.  However, these differences are likely 
a result of the fact that the SAA displacements correspond to the top of shaft 
displacements rather than an indication of erroneous measurements.  Measurements of 
displacement and slope along the length of each shaft are provided in Appendix B.  
Appendix C provides comparisons of load-displacement curves for all shaft pairs that 
were tested together.   
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CHAPTER 5 TESTING RESULTS FOR WARRENSBURG 
 
This chapter presents the measured load-displacement response at the top of the 
shaft for tests performed at the Warrensburg Load Test site in a manner similar to 
Chapter 4 for tests at the Frankford Load Test site.  The measured load-displacement 
responses presented were determined for loads derived from the jack pressure and from 
DYNA Force Sensor measurements and for displacements derived from displacement 
transducers, dial gages, and SAA measurements.  Additional results from tests performed 
at the Warrensburg site are provided in Appendix B and Appendix C.   
5.1 Load-Displacement Response for Test Shaft TS-W1 
Figures 5.1 and 5.2 show load-displacement curves derived from different 
measurements for shaft TS-W1 when tested with TS-W2.  Figure 5.1 show results from 
loading applied prior to soil removal while Figure 5.2 shows results from loading applied 
after soil adjacent to the shaft was removed.  DYNA Force Sensor measurements were 
not collected for this test so all load values shown were determined from the jack 
pressure.   
The load-displacements curves determined from the displacement transducers and 
dials gages are generally quite similar for the tests performed prior to and following soil 
removal.  The shape of the load-displacement curve for the test prior to soil removal (Fig. 
5.1) generally follows the expected response, similar to that presented in Chapter 4.  
However, the shape of the load-displacement curve for the test performed following soil 
removal (Fig. 5.2) tends to curve upward in a “concave up” manner.  Such response is 
consistent with the fact that removing soil adjacent to the shaft will tend to initially 
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“soften” the lateral response at small displacements, but that the response will tend to 
stiffen with additional displacement as the holes tend to collapse and fill with soil (Fig. 
5.3).  One would expect the response to eventually soften and follow more typical load-
displacement behavior with even greater load and displacement, but such loads were not 
applied during this test.  The maximum lateral deflection for TS-W1 during loading prior 
to soil removal was just over 2 inches at a load of approximately 320 kips, while the 
maximum lateral deflection during loading after soil removal was approximately 2.5 
inches at an applied load of approximately 275 kips.  Figures 5.4 and 5.5 show 
photographs of TS-W1 during and following testing.   
 
Figure 5.1 – Load-displacement curves for TS-W1 prior to soil removal when tested with 
TS-W2 at the Warrensburg Load Test Site. 
The load-displacement response determined from SAA readings for shaft TS-W1 
was qualitatively similar to that determined from the displacement transducers and dial 
gages.  However, the SAA tended to produce substantially greater displacements 
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compared to those from the dial gages during loading prior to soil removal and slightly 
lesser displacements during loading following soil removal.  As described in Chapter 4, 
the observed differences in displacements are likely attributed to the fact that the SAA 
displacements reflect the displacement of the top of the shaft while displacements from 
the displacement transducers and dial gages represent displacement just above the ground 
surface.   
 
Figure 5.2 – Load-displacement curves for TS-W1 following soil removal when tested 
with TS-W2 at the Warrensburg Load Test Site. 
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Figure 5.3 – Load-displacement curves for TS-W1 following soil removal when tested 
with TS-W5 at the Warrensburg Load Test Site. 
 
Figure 5.4 – Photograph of holes used for soil removal for TS-W1 following soil removal 
at the Warrensburg Load Test Site. 
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Figure 5.5 – Displaced shaft TS-W1 following testing at the Warrensburg Load Test Site. 
5.2 Load-Displacement Response for Test Shaft TS-W2 
Figure 5.6 presents the load-displacement curves derived from different 
measurements for shaft TS-W2, which was tested simultaneously with TS-W1.  The 
maximum lateral deflection recorded for shaft TS-W2 is greater than those recorded for 
TS-W1 from displacement measurements.  The load-displacement curves were very 
similar for each of the displacement measurements.  The lateral deflection from the SAA 
readings is larger compared to the displacement readings for TS-W2.  Figure 5.7 presents 
the load-displacement curve for TS-W2 following soil removal when tested with TS-W1.  
The lateral deflection from the SAA readings is larger compared to the displacement 
readings for TS-W2 soil removed.  The maximum lateral deflection recorded from SAA 
readings is greater for TS-W2 compared to test shaft pair TS-W1. The displacement from 
the SAA data is larger for shaft TS-W2 compared to shaft TS-W1.  Figure 5.8 shows the 
holes after testing and Figure 5.9 shows the shaft displacement. 
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Figure 5.6 – Load-displacement curve for TS-W2 when tested with TS-W1 at the 
Warrensburg Load Test Site. 
 
Figure 5.7 – Load-displacement curve for TS-W2 following soil removal when tested 
with TS-W1 at the Warrensburg Load Test Site. Site. 
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Figure 5.8 – Holes after testing for shaft TS-W2 soil removed at the Warrensburg 
Load Test Site. 
 
 
Figure 5.9 – Shaft displacement for shaft TS-W2 soil removed at the Warrensburg 
Load Test Site. 
5.3 Load-Displacement Response for Test Shaft TS-W3 
Figure 5.10 presents the load-displacement curve for shaft TS-W3.  Figure 5.11 
presents the load-displacement curve for shaft TS-W3 soil removed.  The soil removed 
has a larger deflection.  The SAA readings produced larger deflections compared to the 
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displacement readings.    Figure 5.12 shows the holes after testing and Figure 5.13 shows 
the shaft displacement.  
 
Figure 5.10 – Load-displacement curve for TS-W3 when tested with TS-W4 at the 
Warrensburg Load Test Site. 
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Figure 5.11 – Load-displacement curve for TS-W3 following soil removal when 
tested with TS-W4 at the Warrensburg Load Test Site. 
 
 
Figure 5.12 – Holes after testing for shaft W3 soil removed at the Warrensburg Load 
Test Site. 
 
Figure 5.13 – Shaft displacement for shaft TS-W3 soil removed at the Warrensburg 
Load Test Site. 
5.4 Load-Displacement Response for Test Shaft TS-W4 
Figure 5.14 presents load-displacement curves derived from the different 
measurements for shaft TS-W4.  The maximum lateral deflection from the displacement 
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measurements is greater than test shaft pair TS-W3.  Figure 5.15 presents the load-
displacement curve for shaft TS-W4 soil removed.  The maximum lateral deflection from 
the displacement measurements for shaft TS-W4 soil removed is less than test shaft pair 
TS-W3 soil removed.   The maximum lateral deflection from SAA measurements is 
greater than the lateral deflection measured from displacement measurements.  The 
maximum lateral deflection for shaft TS-W4 from SAA measurements is less than shaft 
TS-W3.  The maximum lateral deflection from SAA readings for TS-W4 soil removed is 
greater than the lateral deflection measured from displacement measurements.  The 
maximum lateral deflection recorded for shaft TS-W4 soil removed is less than those 
recorded for shaft TS-W3 soil removed.  The maximum lateral deflection for shaft TS-
W4 is greater than test shaft pair TS-W3.  The maximum lateral deflection for shaft TS-
W4 soil removed is less than test shaft pair TS-W3 soil removed.  Figure 5.16 shows the 
shaft displacement.   
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Figure 5.14 – Load-displacement curve for shaft TS-W4 at the Warrensburg Load 
Test Site. 
 
Figure 5.15– Load-displacement curve for shaft TS-W4 soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.16 – Shaft displacement for shaft TS-W4 soil removed at the Warrensburg 
Load Test Site. 
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5.5 Load-Displacement Response for Test Shaft TS-W5 
Figure 5.17 presents the load-displacement curves derived from different 
measurements for shaft TS-W5, which was tested simultaneously with TS-W1.  The load-
displacement curves are similar for each displacement measurement.  The maximum 
lateral deflection recorded from SAA readings is greater than those recorded from 
displacement measurements.  Figure 5.18 shows the holes after testing. 
 
Figure 5.17 – Load-displacement curve for shaft TS-W5 soil removed at the 
Warrensburg Load Test Site. 
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Figure 5.18 – Holes after testing for shaft TS-W5 soil removed at the Warrensburg 
Load Test Site. 
5.6 Load-Displacement Response for Test Shaft TS-W6 
Figure 5.19 presents the load-displacement curve for shaft TS-W6 from different 
measurements.  The maximum lateral deflection recorded for shaft TS-W6 is 0.6 inches 
due to the researchers becoming familiar with the equipment.  Figure 5.20 presents the 
load-displacement curve for shaft TS-W6 soil removed.  The maximum lateral deflection 
recorded for shaft TS-W6 soil removed is greater than those recorded from the 
displacement measurements.  Data from the SAA was not collected for shaft TS-W6 due 
to technical difficulties with the software.  Figure 5.21 shows the holes after testing and 
Figure 5.22 shows the shaft displacement. 
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Figure 5.19 – Load-displacement curve for shaft TS-W6 at the Warrensburg Load 
Test Site. 
 
Figure 5.20 – Load-displacement curve for shaft TS-W6 soil removed at the 
Warrensburg Load Test Site. 
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Figure 5.21 – Holes after testing for shaft TS-W6 soil removed at the Warrensburg 
Load Test Site. 
 
 
Figure 5.22 – Shaft displacement for shaft TS-W6 soil removed at the Warrensburg 
Load Test Site. 
5.7 Load-Displacement Response for Test Shaft TS-W7 
Figure 5.23 presents the load-displacement curve for shaft TS-W7 from different 
measurements.  The maximum lateral deflection recorded for shaft TS-W7 is 1 inch due 
to the researchers becoming familiar with the equipment.  Figure 5.24 presents the load-
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displacement curve for shaft TS-W7 soil removed.  The maximum lateral deflection 
recorded for shaft TS-W7 soil removed is the same as test shaft pair TS-W6 soil 
removed. The maximum lateral deflection recorded from SAA readings for shaft TS-W7 
soil removed is less than those recorded for test shaft pair TS-W6 soil removed.  SAA 
data was not collected for shaft TS-W7 due to technical difficulties with the software.  
Figure 5.25 shows the holes after testing and shaft displacement. 
 
Figure 5.23 – Load-displacement curve for shaft TS-W7 at the Warrensburg Load 
Test Site. 
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Figure 5.24 – Load-displacement curve for shaft TS-W7 soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.25 – Holes after testing for shaft TS-W7 soil removed at the Warrensburg 
Load Test Site. 
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5.8 Load-Displacement Response for Test Shaft TS-W8 
Figure 5.26 presents the load-displacement curve for shaft TS-W8.  The 
maximum lateral deflection for shaft TS-W8 is 0.9 inches due to the researchers 
becoming familiar with the equipment.  Figure 5.27 presents the load-displacement curve 
for shaft TS-W8 soil removed.  The maximum lateral deflection recorded from the SAA 
readings is 0.6 inches due to the researchers becoming familiar with the equipment. The 
maximum lateral deflection recorded for shaft TS-W8 soil removed is greater than the 
displacement measurements.    Figure 5.28 shows shaft displacement.     
 
Figure 5.26 – Load-displacement curve for shaft TS-W8 at the Warrensburg Load 
Test Site. 
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Figure 5.27 – Load-displacement curve for shaft TS-W8 soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.28 – Shaft displacement for shaft TS-W8 soil removed at the Warrensburg 
Load Test Site. 
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5.9 Load-Displacement Response for Test Shaft TS-W9 
Figure 5.29 presents the load-displacement curve for shaft TS-W9.  The 
maximum lateral deflection recorded from displacement measurements is 0.8 inches due 
to the researchers becoming familiar with the equipment.  Figure 5.30 presents the load-
displacement curve for shaft TS-W9 soil removed.  The maximum lateral deflection 
recorded from displacement measurements for TS-W9 soil removed is greater than test 
shaft pair TS-W8 soil removed.  The maximum lateral deflection from SAA readings is 
greater than test shaft pair TS-W8 soil removed.  The SAA readings for shaft TS-W9 soil 
removed are greater than those from the displacement measurements.  The lateral 
deflection for shaft TS-W9 soil removed is greater than test shaft pair TS-W8 soil 
removed.  Figure 5.31 shows shaft displacement. 
 
Figure 5.29– Load-displacement curve for shaft TS-W9 at the Warrensburg Load Test 
Site. 
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Figure 5.30 – Load-displacement curve for shaft TS-W9 soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.31 – Shaft displacement for shaft TS-W9 soil removed at the Warrensburg 
Load Test Site. 
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5.10 Load-Displacement Response for Test Shaft TS-W10 
Figure 5.32 presents the load-displacement curve for shaft TS-W10.  The 
maximum lateral deflection recorded from displacement measurements is 0.8 inches due 
to researchers becoming familiar with the equipment.  Figure 5.33 presents the load-
displacement curve for shaft TS-W10 soil removed.  The maximum lateral deflection 
recorded from SAA readings for shaft TS-W10 soil removed is greater than the 
displacement measurements.  Figure 5.34 shows a crack formed between the two shafts 
during testing.   
 
Figure 5.32 – Load-displacement curve for shaft TS-W10 at the Warrensburg Load 
Test Site. 
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Figure 5.33 – Load-displacement curve for shaft TS-W10 soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.34 – Crack formed during testing for shaft TS-W10 soil removed at the 
Warrensburg Load Test Site. 
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5.11 Load-Displacement Response for Test Shaft TS-W11 
Figure 5.35 presents the load-displacement curve for shaft TS-W11.  Figure 5.36 
presents the load-displacement curve for shaft TS-W11 soil removed.  The maximum 
lateral deflection from displacement measurements for shaft TS-W11 soil removed is 
greater than test shaft pair TS-W10 soil removed.  The maximum lateral deflection from 
SAA measurements recorded for shaft TS-W11 soil removed is greater than test shaft 
pair TS-W10 soil removed.  The SAA readings produced a larger lateral deflection 
compared to the displacement measurements.  Figures 5.37 and 5.38 shows the holes 
after testing and shaft displacement.   
 
Figure 5.35 – Load-displacement curve for shaft TS-W11at the Warrensburg Load 
Test Site. 
81 
 
 
Figure 5.36 – Load-displacement curve for shaft TS-W11soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.37 – Holes after testing for shaft TS-W11 soil removed at the Warrensburg 
Load Test Site. 
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Figure 5.38 – Shaft displacement for shaft TS-W11 soil removed at the Warrensburg 
Load Test Site. 
5.12 Load-Displacement Response for Test Shaft TS-W12 
Figure 5.39 presents the load-displacement curve for shaft TS-W12 soil removed.  
The maximum lateral deflection recorded from the SAA is less than those recorded from 
the displacement measurements.  Figure 5.40 shows the holes after testing.   
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Figure 5.39 – Load-displacement curve for shaft TS-W12 soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.40 – Holes after testing for shaft TS-W12 soil removed at the Warrensburg 
Load Test Site. 
5.13 Load-Displacement Response for Test Shaft TS-W13 
Figure 5.41 presents the load-displacement curve for shaft TS-W13 soil removed.  
The maximum lateral deflection recorded from the displacement measurements is greater 
than test shaft pair TS-W12 soil removed. The maximum lateral deflection recorded from 
SAA measurements is greater than test shaft pair TS-W12 soil removed.  The lateral 
deflection from SAA measurements is greater than those from displacement 
measurements. Shaft TS-W13 soil removed has a smaller lateral deflection compared to 
test shaft pair TS-W12 soil removed.  Figure 5.42 shows the shaft displacement. 
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Figure 5.41 – Load-displacement curve for shaft TS-W13 soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.42 – Shaft displacement for shaft TS-W13 soil removed at the Warrensburg 
Load Test Site. 
85 
 
5.14 Load-Displacement Response for Test Shaft TS-W14 
Figure 5.43 presents the load-displacement curve for shaft TS-W14 soil removed.  
The maximum lateral deflection recorded from SAA data is greater than the displacement 
measurements.  Figure 5.44 shows the shaft displacement. 
 
Figure 5.43 – Load-displacement curve for shaft TS-W14 soil removed at the 
Warrensburg Load Test Site. 
 
 
Figure 5.44 – Shaft displacement for shaft TS-W14 soil removed at the Warrensburg 
Load Test Site. 
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5.15 Load-Displacement Response for Test Shaft TS-W15 
Figure 5.45 presents the load-displacement curve for shaft TS-W15 soil removed.  
The maximum lateral deflection recorded is greater than test shaft pair TS-W14 soil 
removed.  The maximum lateral deflection recorded from SAA data is larger than test 
shaft pair TS-W14 soil removed.  The SAA measurements produced larger lateral 
deflections compared to the displacement measurements.  The lateral deflection produced 
by shaft TS-W15 soil removed is larger than shaft TS-W14 soil removed.  Figure 5.46 
shows the shaft displacement.   
 
Figure 5.45 – Load-displacement curve for shaft TS-W15 soil removed at the 
Warrensburg Load Test Site. 
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Figure 5.46 – Shaft displacement for shaft TS-W15 soil removed at the Warrensburg 
Load Test Site. 
5.16 Comparison of Load-Displacement Response for Different Test Shafts 
Figure 5.47 presents the load-displacement curve for all of the shafts at 
Warrensburg.  At Warrensburg, the number of tests before soil removal was limited by 
schedule constraints, and several of the tests before soil removal reached only limited 
displacements as the research team became familiar with testing equipment and 
procedures.  The load-displacement curves are all similar to one another, particularly if 
the curves for tests before and after soil removal are considered separately.  Figures 5.48 
and 5.49 present the load-displacement for with soil and soil removed, respectively.  
Correlations with shaft lengths and base-grouted shafts were also analyzed.  Figure 5.50 
presents the load-displacement curve for shaft lengths ranging from 27.1 feet to 39.6 feet.  
Figure 5.51 presents the load-displacement curve for shafts with lengths ranging from 
47.1 feet to 49.4 feet.  Figure 5.52 presents the load-displacement curve for base-grouted 
shafts.  Tests performed after soil removal resulted in notably less stiff responses and 
slightly lower ultimate capacity values (about 300 kips or greater before soil removal 
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versus between 200 and 350 kips after soil removal).  Figure 5.53 shows the typical 
cracks that formed in the majority of testing pairs.   
 
Figure 5.47 – Load-displacement curve for all shafts at the Warrensburg Load Test 
Site. 
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Figure 5.48 – Load-displacement curve for all shafts with soil at the Warrensburg 
Load Test Site. 
 
Figure 5.49 – Load-displacement curve from bottom LVDT and Jack Calibration for 
all shafts soil removed at the Warrensburg Load Test Site. 
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Figure 5.50 – Load-displacement curve for shafts with lengths ranging from 25’ to 
40’ at the Warrensburg Load Test Site. 
 
Figure 5.51 – Load-displacement curve for shafts with lengths ranging from 45’ to 
50’ at the Warrensburg Load Test Site. 
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Figure 5.52 – Load-displacement curve for base-grouted shafts at the Warrensburg 
Load Test Site. 
 
 
Figure 5.53 – Typical cracks formed during testing at the Warrensburg Load Test 
Site. 
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5.17 Summary 
The majority of the shafts tested together were similar regarding shaft properties.  
However, a couple of shafts tested together were notably different based on length and 
stiffness.  For example, TS-W6 was post-grouted while TS-W7 was not post-grouted.  
The DYNA Force Sensors were inconsistent but in general produce force estimates that 
exceed the forces derived from the jack pressures.  The SAA displacements were greater 
than determined from the LVDT’s and dial gages.  However, there were some cases 
where the SAA displacements were less than other devices.  For TS-W12 soil removed 
from test with TS-W13, the LVDT displacements were greater than the SAA.  For TS-
W8 from test with TS-W9, the dial gage displacements were greater than the SAA 
displacements.  For TS-W7 soil removed from test with TS-W6, the dial gage 
displacements were greater than the SAA displacements.  The maximum number of load 
increments for the Warrensburg was 20.   The maximum load was 350 kips and 
maximum displacement was 11 inches.   
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CHAPTER 6 ANALYSIS & INTERPRETATION 
 
The data acquired from the field load tests were reduced and analyzed following 
conventional data reduction procedures to establish the observed lateral response of the 
drilled shafts in terms of load and deflection.  Commercial software was used to model 
the response of laterally loaded drilled shafts and research level computer code developed 
at the University of Missouri was used to characterize the variability and uncertainty of 
lateral displacements for drilled shafts subject to different levels of load.  In this chapter, 
the analyses performed to interpret the lateral load test measurements are described and 
results of the analyses presented to draw conclusions about the accuracy of common 
computer models and the variability of displacements for laterally loaded drilled shafts in 
stiff clays and shales.   
6.1 Procedure for Predicting Lateral Load-Displacement Response 
The commercial software LPILE Plus 5.0™ was used to predict the response of 
the laterally loaded test shafts prior to field testing using 𝑝-𝑦 models that are generally 
considered to be appropriate for the materials encountered at the two test sites.  The 
methods employed by LPILE are documented in the program’s technical manual 
(Isenhower & Wang, 2011).  The input parameters specified for the analyses included the 
shaft dimensions, shaft section properties, and soil layers provided in Appendix A, as 
well as loading type, boundary conditions and loads, and data for nonlinear moment-
curvature analysis for each section.  The pile head boundary conditions used for the 
analyses consisted of specifying lateral displacement and moment.  The ground surface 
was assumed to be horizontal.   
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The 𝑝-𝑦 model selected to represent the shale at the Frankford load test site was 
Reese’s “stiff clay without free water” model.  Different 𝑝-𝑦 models were utilized for the 
Warrensburg load test site based on the ground conditions encountered (as documented in 
Appendix A).  For example, shaft TS-W1 was modeled using the “soft clay”, “Reese 
sand” and “stiff clay without free water” models to represent the overburden, weak 
sandstone, and shale, respectively.  In order to model tests performed after soil removal, 
the overburden layer was removed from the analysis.  All analyses were “Type 3” 
analyses, which consider the nonlinear bending stiffness of the shafts that result from 
concrete cracking and nonlinear material response.  The predicted lateral load-
displacement response computed from these analyses are compared to the measured 
response from the load tests in the following section. 
6.2 Comparison of Predicted and Measured Load-Displacement Curves 
 Figures 6.1 and 6.2 show comparisons of the predicted and measured load-
displacement curves for tests performed at the Frankford and Warrensburg sites, 
respectively.  Comparisons for both the Frankford and Warrensburg sites indicate that the 
predicted response underestimates the ultimate lateral capacity, particularly for the 
Frankford site.  The comparisons shown for tests from the Warrensburg site are more 
favorable, but still show the predictions to produce both a “softer” and generally 
“weaker” response that was observed for the load test measurements.  This result 
suggests that the L-Pile predictions using the selected 𝑝-𝑦 models are generally 
conservative in terms of the load-displacement response.   
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Figure 6.1 – Comparison of measured and predicted load-displacement curves for tests 
performed at the Frankford Load Test Site. 
 
Figure 6.2 – Comparison of measured and predicted load-displacement curves for tests 
performed at the Warrensburg Load Test Site. 
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An alternative means to compare the measured and predicted response is to 
normalize the measured load according to the maximum predicted load (𝑃𝑢𝑙𝑡) from 
LPILE and to normalize the measured displacement according to the predicted 
displacement at the maximum load (𝛿𝑃𝑢𝑙𝑡) for each test shaft.  Figures 6.3 through 6.6 
present such normalized load-displacement curves for tests performed at the Frankford 
site, tests performed at the Warrensburg site prior to soil removal, tests performed at the 
Warrensburg site following soil removal, and for tests performed at both sites prior to soil 
removal, respectively.   
 
Figure 6.3 – Normalized load-displacement curves from tests performed at the Frankford 
Load Test Site. 
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Figure 6.4 – Normalized load-displacement curves from tests performed at the 
Warrensburg Load Test Site prior to soil removal. 
 
Figure 6.5 – Normalized load-displacement curves from tests performed at the 
Warrensburg Load Test Site following soil removal. 
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Figure 6.6 – Normalized load-displacement curves from all tests performed prior to soil 
removal. 
The normalized response shown for tests at the Frankford site in Figure 6.3 
suggests that the measured ultimate lateral load is 50 to 80 percent greater than that 
predicted using LPILE with the selected models.  Figure 6.3 also shows that the ultimate 
lateral load is mobilized at approximately half of the displacement predicted using L-Pile 
with the selected models.  Figure 6.4 suggests that similar conclusions apply for tests 
performed at the Warrensburg site prior to soil removal, although the ultimate condition 
may not have been reached and slightly greater displacements were required to mobilize 
the maximum resistance that was achieved than observed for tests at the Frankford site.   
The normalized response shown in Figure 6.5 for tests performed at the 
Warrensburg site following soil removal exhibits greater variability than is observed in 
Figures 6.3 and 6.4.  The additional variability is likely due to inconsistent degrees of soil 
removal for the different test shafts and, thus, inconsistent lateral reaction for the 
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different shafts.  Nevertheless, it is still noteworthy that the predicted ultimate resistance 
for many of the tests still substantially exceeds the predicted ultimate resistance for many 
of the tests.  However, some of the measured capacity from tests performed following 
soil removal can undoubtedly be attributed to the fact that the overburden soil provided 
some resistance during the load tests, whereas the predicted response was determined 
using analyses that neglected reaction from the overburden soils completely.   
Finally, Figure 6.6 shows results for tests from both the Frankford and 
Warrensburg sites, considering only those tests that were performed prior to soil removal.  
The scatter in the load-displacement response shown in Figure 6.6 is considerably greater 
than observed for either site individually (i.e. compared to Figs. 6.3 and 6.4).  Such a 
result is not surprising given the considerable differences in ground conditions at the two 
sites.  However, it is noteworthy that the scatter in the ultimate resistance does not appear 
to be as significant as the scatter in the slope of the load-displacement response at loads 
that are less than the ultimate resistance, which suggests that there is greater variability in 
the “stiffness” of the lateral response than in the ultimate lateral response.   
6.3 Variability of Displacements from Load Test Measurements 
 A primary objective of this research was to characterize the variability of 
displacements for drilled shafts subjected to lateral loading.  In order to achieve this 
objective, linear and nonlinear regression analyses were performed on the measured load-
displacement data to characterize the variability of the displacements about a best-fit 
trend line.  Several different functions were considered for the regression analyses, along 
with different regression weights and different variable transformations, to establish 
regression models that reasonably represent the observed responses.   
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One significant challenge faced when trying to characterize the variability of 
displacements is that the magnitude of the displacements become quite variable as the 
applied load approaches the ultimate lateral capacity for the respective test shafts.  At this 
point in each test, the displacement effectively becomes unbounded, which introduces 
substantial complications into the regression analyses (note that to characterize the 
variability in displacements, load is taken to be the independent, or “x”, variable while 
displacement is taken to be the dependent, or “y”, variable for the regression analyses).  
To address this problem, the regression models were fit only to measured data points that 
fall below the point where displacements begin to dramatically increase.  The resulting 
models provide for better representation of the variability of displacements at “working” 
loads, but do not accurately reflect displacements at loads approaching the ultimate 
capacity.  Such a limitation is not practically significant, however, since consideration of 
displacements is normally restricted to loads that are well below the ultimate resistance.   
After considerable trial and error, the most reliable form of regression analysis 
was determined to be performing linear regression analyses on the logarithm of both 
displacement and load (i.e. linear regression using a log-log transformation).  Such 
regression analyses presume that displacements are log-normally distributed, which is 
consistent with evaluations of the measured displacements at a given load.  Such 
regression analyses also produce a variance (or standard deviation, or coefficient of 
variation) that is proportional to the magnitude of load, which is consistent with 
observations presented in Chapters 4 and 5.  Results of these regression analyses are 
plotted in Figures 6.7 through 6.11 for measurements from the Frankford site, three 
subsets of measurements from the Warrensburg site, and for both sites, respectively.   
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Figure 6.7 – Results from linear regression performed using log-log transformation of 
measurements for tests performed at the Frankford site. 
 
Figure 6.8 – Results from linear regression performed using log-log transformation of 
measurements for tests performed at the Warrensburg site prior to soil removal. 
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Figure 6.9 – Results from linear regression performed using log-log transformation of 
measurements for tests performed at the Warrensburg site following soil removal. 
 
Figure 6.10 – Results from linear regression performed using log-log transformation of 
measurements for all tests performed at the Warrensburg site. 
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Figure 6.11 – Results from linear regression performed using log-log transformation of 
measurements for all tests performed prior to soil movement at both test sites. 
 Figures 6.7 through 6.11 each show the best-fit least-squares regression function 
determined for the respective measurements, as well as bounds representing the mean 
plus or minus one standard deviation.  Two sets of bounds are shown in each figure: 
“function” bounds representing the uncertainty in the best-fit function given the measured 
data (i.e. uncertainty in the mean value) and “prediction” bounds representing the 
variability and uncertainty for new predictions (or new measurements) of displacement 
(i.e. the total variability and uncertainty).  While the uncertainty in the best-fit function is 
relevant for some problems, the variability and uncertainty in the prediction is generally 
appropriate when considering the context of design (i.e. when one is trying to predict a 
new occurrence).  The remainder of this chapter will therefore focus on the prediction 
variability.   
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 Inspection of Figures 6.7 through 6.11 reveals that each of the best-fit regression 
models generally pass through the “center” of the measured data points and reasonably 
reflect the mean of the measured displacements, and that the prediction bounds shown 
reasonably reflect the scatter of the measurements about the regression function.  As 
such, the regression models provide good representation of the empirical measurements 
and can be used to characterize the variability of displacements for drilled shafts subject 
to lateral loading.  As expected, the variability of the observed displacements is least 
when considering the variability for all shafts at a single site (Figs. 6.7 and 6.8), and 
greatest when combining measurements from both sites (Fig. 6.11) or when considering 
measurement following soil removal (Figs. 6.9 and 6.10).   
In order to quantify the magnitude of the variability of displacements, the mean 
values, standard deviations, and coefficients of variation for the observed displacements 
were computed from the regression models at 25 percent, 50 percent, and 75 percent of 
the nominal ultimate lateral load.  Tables 6.1 through 6.3 summarize these statistical 
parameters for tests from the Frankford site, tests from the Warrensburg site, and tests 
from both sites, respectively.  Since repeat tests were performed at the Warrensburg site 
both prior to and following soil removal, the statistical parameters in Table 6.2 are 
provided considering only tests performed prior to soil removal, considering only tests 
performed following soil removal, and for all tests.  The coefficients of variation reported 
for each collection of results are seen to be practically constant because the regression 
models were established using the log-log transformation of the measurements.  The 
coefficients of variation provided in Tables 6.1 through 6.2 thus provide a convenient 
basis for comparison of the variability for the different collections of tests.   
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Table 6.1 – Summary of lateral displacements for test shafts at the Frankford site. 
    Lateral Displacement 
Shaft 
Maximum 
Load  
Percent of 
Maximum Load  
Load Mean  Standard Deviation  
COV 
(kips) (%) (kips) (in) (in) 
All 
Shafts 
365 
25 91.25 0.22 0.10 0.46 
50 182.5 0.88 0.41 0.46 
75 273.75 1.99 0.92 0.46 
 
 
 
Table 6.2 – Summary of lateral displacements for test shafts at the Warrensburg site. 
    Lateral Displacement 
Shaft 
Maximum 
Load  
Percent of 
Maximum Load  
Load Mean  Standard Deviation  
COV 
(kips) (%) (kips) (in) (in) 
Prior to 
Soil 
Removal 
350 
25 87.5 0.38 0.15 0.39 
50 175.0 1.04 0.41 0.39 
75 262.5 1.88 0.75 0.40 
Following 
Soil 
Removal 
320 
25 80 0.47 0.25 0.53 
50 160 1.47 0.77 0.53 
75 240 2.86 1.51 0.53 
All Tests 350 
25 87.5 0.49 0.26 0.52 
50 175.0 1.48 0.77 0.52 
75 262.5 2.82 1.48 0.52 
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Table 6.3 –Summary of lateral displacements for tests prior to soil removal at both sites. 
    Lateral Displacement 
Shaft 
Maximum 
Load  
Percent of 
Maximum 
Load  
Load Mean  Standard Deviation  
COV 
(kips) (%) (kips) (in) (in) 
All 
Shafts 
365 
25 91.25 0.32 0.17 0.51 
50 182.5 1.01 0.52 0.51 
75 273.75 1.97 1.01 0.51 
 
The coefficients of variation reported for the different collections of tests fall 
within a relatively small range, from a low of approximately 0.40 to just slightly above 
0.50, in spite of the significant differences in the variability of the two sites and in spite 
of the fact that some tests were performed following removal of soil next to the shafts.  
Within this range, the coefficients of variation for displacements were actually least from 
tests performed at the Warrensburg site, which is the more variable site.  While initially 
surprising, these observations suggest that laterally loaded drilled shafts may tend to 
“average out” the response over considerable depth such that the inherent variability of 
the site does not dominate the variability in the actual performance.  It is not surprising 
that the variability of displacements is greatest when considering measurements from 
both sites collectively, since this variability represents variability across two sites rather 
than variability across a single site.   
The results presented in this chapter have significant practical significance for 
reliability-based design and for calibration of resistance factors for load and resistance 
factor design at serviceability limit states.  The results presented suggest that the 
variability of lateral deformations for drilled shafts can be reasonably assumed to be log-
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normally distributed with a coefficient of variation of approximately 0.50.  While the 
tests results used to derive this conclusion are relatively restrictive, it is likely that this 
conclusion may apply for a relatively broad range of deep foundations (e.g. driven piles, 
micropiles, auger-cast piles, etc.) given their similarity to drilled shafts. 
6.4 Summary 
 In this chapter, the measured load-displacement responses presented in Chapters 4 
and 5 were compared to predicted responses determined using LPILE and the variability 
of displacements from the load tests was characterized based on regression analyses.  The 
comparisons presented suggest that use of LPILE with commonly applied 𝑝-𝑦 models 
tends to underestimate both the lateral stiffness and the ultimate lateral capacity for the 
drilled shafts from both sites.  Results from the regression analyses suggest that 
displacements from the load test can be probabilistically characterized using a log normal 
distribution with a coefficient of variation of approximately 0.50.   
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CHAPTER 7 SUMMARY, CONCLUSIONS & 
RECOMMENDATIONS 
 
 The research project described in this thesis was undertaken to quantify the 
variability of lateral displacements measured for drilled shafts subjected to lateral loading 
and to compare the measured response of drilled shafts to the response predicted using a 
common computational design tool.  This chapter provides a summary of the work 
described in the thesis as well as notable conclusions and recommendations that arise 
from the work.   
7.1 Summary 
 The experimental component of the project included conducting sixteen lateral 
load tests at two different research sites in Missouri.  All tests were performed in pairs, so 
that two foundations were loaded and monitored simultaneously, essentially producing 
two sets of measurements for one individual test.  Six shafts were tested at the Frankford 
Load Test site in northeast Missouri while twenty-six shafts were tested (some multiple 
times) at the Warrensburg Load Test site in west-central Missouri.  All of the test shafts 
were founded in shale and constructed as part of previous research.  All shafts were 
instrumented to measure strain and displacement along the length of each shaft during the 
test.  Additional instrumentation was used to measure the displacement and rotation of 
the shaft heads and the applied load during lateral load testing.   
Background information regarding the larger research program of which this 
project was a part was provided in Chapter 2 along with descriptions of the two tests sites 
and details regarding shaft construction and instrumentation.  Specifics regarding the 
field testing program , including descriptions of the apparatus used to perform the lateral 
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load tests, procedures used to conduct the tests, the instrumentation used to measure load 
and deflection at the shaft head, and procedures adopted to remove soil adjacent to each 
shaft in an effort to transfer load to greater depths were described in Chapter 3.   
 While numerous measurements were acquired during each test, the primary focus 
of the present work was to evaluate the general load-displacement response of the drilled 
shafts when subjected to lateral load, as measured at the shaft head.  The load-
displacement response measured for each test were presented in Chapters 4 and 5 for the 
Frankford Load Test Site and the Warrensburg Load Test Site, respectively.  In these 
chapters, load-displacement curves established from the different instrumentation 
measurements were presented and compared.  The primary comparison involves 
displacements measured at the top of the shafts using electronic displacement 
transducers, analog dial gages, and in-place inclinometers referred to as ShapeAccel 
Arrays, or SAA’s.   
 Following testing, the experimentally determined load displacement curves were 
compared to load-displacement curves predicted using the commercial computer software 
L-Pile™.  Regression analyses were also performed using MATLAB™ on the 
experimental load-displacement data in order to quantify the variability of displacements 
under different levels of load.  Results of these analyses were presented in Chapter 6.  
Notable observations and the practical implications of the results are also provided in 
Chapter 6.   
7.2 Conclusions 
 The load test program was generally successful, resulting a data set that is both 
vast and useful.  The instrumentation used for the tests was effective, which allowed for 
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the measured loads and displacements to be accurately and practically recorded. The load 
tests achieved significant displacement of the top of most shafts and successfully 
transferred load into the shale layers that were the primary focus of the broader study. 
 The load-displacement curves derived from the analog dial gages and digital 
displacement transducers were virtually indistinguishable, which suggests that the three 
devices provided consistent measurements of displacement.  Close inspection of the 
response for each shaft revealed the top displacement transducers recorded slightly more 
displacement, which was consistent with rotation of the shaft head.  Displacements 
derived from the SAA measurements were generally slightly greater than those 
determined from the dial gages and displacement transducers; at the ultimate load, the 
displacement interpreted from the SAAs was approximately 10 to 20 percent greater than 
that from the other devices.  The observed differences in displacements can also be 
explained by shaft rotation rather than instrument erros, since the dial gages and 
displacement transducers were placed below top of the shaft while displacements for the 
SAA generally represent deflection of the top of the shaft.   
 The measured load-displacement response for all tests was generally “stiffer” than 
predicted using LPILE™ with appropriate input for the shafts and soil/rock present at 
both sites.  The measured load-displacement response also indicated that the ultimate 
capacity of the test shafts was substantially greater than that predicted using L-Pile™.  In 
general, differences between the measured and predicted response were generally greater 
for tests performed at the Frankford site than for tests performed at the Warrensburg site.   
 The variability of the measured displacements can be reasonably characterized 
using a lognormal probability distribution.  The most appropriate type of regression 
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analysis to fit the measured displacements at loads that are less than the ultimate 
resistance was determined to be performing linear regression analyses on the logarithm of 
both the displacement and load.  Such regression produced best-fit functions that closely 
match both the trend of the experimental measurements and the variability of 
measurements about that trend.   
 The variability of the measured displacements from the entire collection of load 
tests can be characterized by a lognormal probability distribution with a coefficient of 
variation of approximately 50 percent.  The coefficient of variation for displacements 
from tests at a single site were slightly less than those from the collective set of 
measurements because the “within site” variability is less than the overall variability.  
The lowest coefficient of variation was determined for displacements measured at the 
Warrensburg site, which is the more variable of the two sites, although the variability 
observed from tests at the Frankford site are only slightly greater.  This observation 
suggests that the variability of the lateral load-displacement response is not greatly 
dependent on the variability of a given site, likely as a result of the shafts tending to 
average out the variability when loaded laterally wherein the strength of an adjacent layer 
can often compensate for a weak layer. 
7.3 Recommendations 
 Several recommendations are provided based on the experience collecting and 
analyzing the lateral load test measurements.  The probabilistic characterization of lateral 
displacements for drilled shafts from the load tests provides a strong experimental basis 
for evaluating reliability-based design methods and for calibrating load and resistance 
factors for serviceability limit states.  Given lack of site specific measurements to 
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characterize the variability of lateral displacements, the results of tests presented in this 
thesis suggest that lateral displacements be characterized using a lognormal probability 
distribution with a coefficient of variation of approximately 0.50 if considering the 
response across multiple sites, and perhaps 0.40 to 0.45 if considering the response for a 
single site.  Such characterizations can serve as the basis for relatively simplistic 
calibration of resistance factors for design at serviceability limit states, or for calibration 
of more elaborate reliability-based models that, in turn, can be used for calibration.   
Collection of additional measurements for drilled shafts in different ground 
conditions, and/or for alternative types of deep foundation is recommended to better 
evaluate whether the probabilistic characterization of displacements derived from the 
present work applies for other conditions and foundations.  There is some logic to 
presume that the measurements made for drilled shafts are likely to apply equally well for 
other foundation types, in general.  However, the effect of issues such as foundation 
stiffness, foundation diameter, and alternative ground conditions should be evaluated to 
support rational and defendable use of the recommendations of this thesis.  Consideration 
should also be given to performing tests that will induce greater displacement and load 
within the shale layers and to evaluating the effects of cyclic or repeated loading.   
Additional analyses and evaluations should be performed using the data acquired 
from the load tests to evaluate existing load transfer models or to develop new models 
that will better represent lateral load transfer in shale.  These analyses should include 
interpretation of the bending moment, shear force, and lateral pressure along the length of 
each shaft at different loading levels and comparison of bending moments determined 
from SAA and strain gage measurements.  From such interpretations, “measured” 𝑝-𝑦 
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curves can be established and compared to existing models.  “Measured” 𝑝-𝑦 curves can 
also be probabilistically characterized using analyses similar to those presented for the 
load-displacement response in this thesis.  Such probabilistic 𝑝-𝑦 models can then form 
the basis for probabilistic calibration of resistance factors for load and resistance factor 
design at serviceability limit states.   
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TPC Elev. 664.0'
SG6 (X4) Elev. 658.1'
SG5 (X4) Elev. 655.1'
SG4 (X4) Elev 652.1'
SG3 (X4) Elev. 649.1'
SG2 (X4) Elev. 646.1'
SG1 (X4) Elev. 643.1'
BOS Elev. 637.6'
BPC Elev. 659.2'
BTC Elev. 658.3'
Geo-2 Elev. 652.7'
Geo-1 Elev. 642.4'
TOC Elev. 663.8'
TS-F4
Ground Elev. 661.6'
O-Cell Elev. 638.1'
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BPC Elev. 657.2'
BTC Elev. 658.2'
SG6 (X4) Elev. 659.7'
TOC Elev. 663.7'
TPC Elev. 664.0'
SG3 (X4) Elev. 646.2'
Geo-2 Elev. 648.0'
SG4 (X4) Elev 650.7'
SG2 (X4) Elev. 642.2'
SG1 (X4) Elev. 638.2'
Geo-1 Elev. 634.4'
BOS Elev. 630.1'
Mat-1 Elev. 637.7'
Mat-2 Elev. 659.1'
SG5 (X4) Elev. 655.2'
TS-F5
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TPC Elev. 664.0'
SG6 (X4) Elev. 657.0'
SG5 (X4) Elev. 654.0'
SG4 (X4) Elev 651.0'
SG3 (X4) Elev. 648.0'
SG2 (X4) Elev. 645.0'
SG1 (X4) Elev. 642.0'
BOS Elev. 636.6'
BPC Elev. 658.3'
BTC Elev. 658.3'
Geo-2 Elev. 651.9'
Geo-1 Elev. 640.8'
TOC Elev. 663.9'
TS-F6
Ground Elev. 661.7'
O-Cell Elev. 637.0'
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TPC Elev. 664.0'
SG6 (X4) Elev. 659.0'
SG5 (X4) Elev. 654.5'
SG4 (X4) Elev 650.1'
SG3 (X4) Elev. 644.5'
SG2 (X4) Elev. 641.1'
SG1 (X4) Elev. 637.5'
BOS Elev. 629.3'
BPC Elev. 658.0'
BTC Elev. 658.3'
Geo-2 Elev. 648.9'
Geo-1 Elev. 636.9'
TOC Elev. 663.8'
Mat-2 Elev. 658.9'
Mat-1 Elev. 639.3'
TS-F7
Ground Elev. 661.9'
O-Cell Elev. 634.0'
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TPC Elev. 663.9'
SG6 (X4) Elev. 659.2'
SG5 (X4) Elev. 656.2'
SG4 (X4) Elev 653.1'
SG3 (X4) Elev. 650.1'
SG2 (X4) Elev. 647.2'
SG1 (X4) Elev. 644.2'
BOS Elev. 640.4'
BPC Elev. 658.9'
BTC Elev. 658.3'
Geo-2 Elev. 653.7'
Geo-1 Elev. 643.4'
TOC Elev. 663.7'
TS-F8
Ground Elev. 662.1'
RIM Cell Elev. 641.3' (break)
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BPC Elev. 657.2'
BTC Elev. 658.5'
SG6 (X4) Elev. 661.2'
TOC Elev. 663.7'
TPC Elev. 664.0'
SG3 (X4) Elev. 653.8'
Geo-2 Elev. 656.4'
SG4 (X4) Elev 656.8'
SG2 (X4) Elev. 652.2'
SG1 (X4) Elev. 650.8'
Geo-1 Elev. 649.8'
BOS Elev. 647.0'
SG5 (X4) Elev. 659.8'
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BPC Elev. 657.2'
BTC Elev. 658.2'
SG6 (X4) Elev. 659.8'
TOC Elev. 663.8'
TPC Elev. 664.0'
SG3 (X4) Elev. 654.0'
Geo-2 Elev. 656.5'
SG4 (X4) Elev 656.0'
SG2 (X4) Elev. 651.8'
SG1 (X4) Elev. 649.8'
Geo-1 Elev. 648.2'
BOS Elev. 645.2'
SG5 (X4) Elev. 657.8'
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TS-F1
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00269 Bar size #14
36 16 # bars 9
36.8 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 6
663.98 Top plate diameter (in) 23.0 Stirrup diameter (in) 28
663.19 Top plate thickness (in) 1.00 Cage length (ft) 19.08
663.77 Bot. plate diameter (in) 18.0 Top Elev. (ft) 663.43
661.01 Bot. plate thickness (in) 1.00 644.35
658.96 644.43
658.19
643.23 Temporary Casing Permanent Casing
43.0 36.8
0.250 0.375
5.00 5.02
Instrument Elevations Reference Elev. (ft): 644.4 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 3 2 3.17 3.17 3.2 24.50 22.75 Tip 643.2 38.1
SG1-B 3 2.25 3.19 3.19 Bottom Cell 644.4 38.8
SG1-C 3 2.25 3.19 3.19 Top Cell 645.5 38.9
SG1-D 3 1.5 3.13 3.13 SG1 647.5 39.5
SG2-A 5 6 5.50 5.50 5.5 25.00 24.50 SG2 649.9 39.6
SG2-B 5 6.25 5.52 5.52 SG3 652.4 42.4
SG2-C 5 6.5 5.54 5.54 SG4 654.9 38.3
SG2-D 5 5.5 5.46 5.46 SG5 657.3 39.4
SG3-A 8 0 8.00 8.00 8.0 24.00 23.75 SG6 659.8 36.0
SG3-B 8 0.5 8.04 8.04 Top 664.0 36.0
SG3-C 8 0.5 8.04 8.04
SG3-D 7 11.5 7.96 7.96 Presumed EB Diameter
SG4-A 10 6.5 10.54 10.54 10.5 23.75 24.00 Elevation Diameter (in)
SG4-B 10 5.75 10.48 10.48 Tip 643.2 38.1
SG4-C 10 6 10.50 10.50
SG4-D 10 6.75 10.56 10.56
SG5-A 13 0 13.00 13.00 13.0 24.25 24.00
SG5-B 13 0 13.00 13.00
SG5-C 13 0 13.00 13.00
SG5-D 12 11.5 12.96 12.96
SG6-A 15 6.25 15.52 15.52 15.5 24.25 23.75
SG6-B 15 6.25 15.52 15.52
SG6-C 15 6 15.50 15.50
SG6-D 15 5.25 15.44 15.44
Geo-1 1.5 0 1.50 1.50
Geo-2 10 10 10.83 10.83
TOC Elev. (ft)
Ground Elev. (ft)
BPC Elev. (ft)
Nominal diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
TTC Elev. (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
Length (ft) Length (ft)
Serial #
Diameter (in)
Bottom Elev. (ft)
O-cell elevation (ft)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
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Site:  Frankford Load Test Site 
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TS-F2 (Rim Cell)
O-Cell Information Reinforcing Steel Information
Shaft Information RIM Cell Bar size #14
36 24 # bars 9
36.5 Capacity-rated (kips) Stirrup size #4
36.0 Capacity-max (kips) Stirrup spacing (in) 6
663.92 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
663.24 Top plate thickness (in) Cage length (ft) 22.50
663.69 Bot. plate diameter (in) 24.0 Top Elev. (ft) 663.48
661.35 Bot. plate thickness (in) 0.00 640.98
663.92 641.80
663.24
640.80 Temporary Casing Permanent Casing
43.0 36.0
0.250 0.250
5.00 6.00
Instrument Elevations Reference Elev. (ft): 641.8 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 2 6 2.50 644.30 644.3 24.25 24.50 Tip 640.9 38.6
SG1-B 2 6 2.50 644.30 Bottom Cell 641.8 38.6
SG1-C 2 5.5 2.46 644.26 Top Cell 641.8 38.6
SG1-D 2 6 2.50 644.30 SG1 644.3 40.4
SG2-A 5 4.5 5.38 647.18 647.2 24.50 24.50 SG2 647.2 39.5
SG2-B 5 4.5 5.38 647.18 SG3 650.2 39.9
SG2-C 5 4 5.33 647.13 SG4 653.2 40.4
SG2-D 5 4 5.33 647.13 SG5 656.2 39.7
SG3-A 8 4.75 8.40 650.20 650.2 24.50 25.00 SG6 659.2 36.0
SG3-B 8 5.25 8.44 650.24 Top 663.9 36.0
SG3-C 8 5 8.42 650.22
SG3-D 8 4 8.33 650.13 Presumed EB Diameter
SG4-A 11 4.5 11.38 653.18 653.2 24.50 25.25 Elevation Diameter (in)
SG4-B 11 5 11.42 653.22 Tip 640.9 38.6
SG4-C 11 4 11.33 653.13
SG4-D 11 4.5 11.38 653.18
SG5-A 14 5 14.42 656.22 656.2 24.75 25.00
SG5-B 14 5 14.42 656.22
SG5-C 14 4.5 14.38 656.18
SG5-D 14 5.5 14.46 656.26
SG6-A 17 5 17.42 659.22 659.2 24.25 25.00
SG6-B 17 5.25 17.44 659.24
SG6-C 17 4.5 17.38 659.18
SG6-D 17 5 17.42 659.22
Geo-1 3 11.5 3.96 645.76
Geo-2 13 0 13.00 654.80
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
Geotechnics Research 
Program 
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TS-F3
O-Cell Information Reinforcing Steel Information
Shaft Information 20-6-00202 Bar size #11
60 20 # bars 13
61.0 Capacity-rated (kips) 2251 Stirrup size #4
60.0 Capacity-max (kips) 4503 Stirrup spacing (in) 6
664.00 Top plate diameter (in) 47.0 Stirrup diameter (in) 52
663.25 Top plate thickness (in) 2.00 Cage length (ft) 24.50
663.70 Bot. plate diameter (in) 47.0 Top Elev. (ft) 663.40
661.35 Bot. plate thickness (in) 2.00 638.90
664.00 639.07
663.25
638.50 Temporary Casing Permanent Casing
65.8 61.0
0.500 0.500
5.04 5.83
Instrument Elevations Reference Elev. (ft): 638.9 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 2 4.5 2.38 641.28 641.2 Tip 638.5 62.2
SG1-B 2 3.5 2.29 641.19 Bottom Cell 639.1 62.2
SG1-C 2 4 2.33 641.23 Top Cell 640.2 62.2
SG1-D 2 4.5 2.38 641.28 SG1 641.2 62.3
SG2-A 4 3 4.25 643.15 643.1 SG2 643.1 62.5
SG2-B 4 1.5 4.13 643.03 SG3 645.2 63.0
SG2-C 4 3 4.25 643.15 SG4 649.7 65.0
SG2-D 4 4 4.33 643.23 SG5 653.7 64.7
SG3-A 6 3.5 6.29 645.19 645.2 SG6 657.7 63.3
SG3-B 6 2 6.17 645.07 Top 664.0 61.0
SG3-C 6 3 6.25 645.15
SG3-D 6 3.5 6.29 645.19 Presumed EB Diameter
SG4-A 10 9.5 10.79 649.69 649.7 Elevation Diameter (in)
SG4-B 10 8.5 10.71 649.61 Tip 638.5 62.2
SG4-C 10 8.5 10.71 649.61
SG4-D 10 10 10.83 649.73
SG5-A 14 9.5 14.79 653.69 653.7
SG5-B 14 8.5 14.71 653.61
SG5-C 14 9 14.75 653.65
SG5-D 14 9.5 14.79 653.69
SG6-A 18 10 18.83 657.73 657.7
SG6-B 18 9 18.75 657.65
SG6-C 18 9 18.75 657.65
SG6-D 18 9.5 18.79 657.69
Geo-1 2 10.5 2.88 641.78
Geo-2 11 9.5 11.79 650.69
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
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TS-F4
O-Cell Information Reinforcing Steel Information
Shaft Information 20-6-00206 Bar size #14
36 20 # bars 9
36.8 Capacity-rated (kips) 2251 Stirrup size #4
36.0 Capacity-max (kips) 4503 Stirrup spacing (in) 6
664.04 Top plate diameter (in) 23.0 Stirrup diameter (in) 28
663.25 Top plate thickness (in) 1.00 Cage length (ft) 25.42
663.80 Bot. plate diameter (in) 23.0 Top Elev. (ft) 663.43
661.63 Bot. plate thickness (in) 1.00 638.01
659.21 638.09
658.25
637.55 Temporary Casing Permanent Casing
43.0 36.5
0.250 0.375
5.00 4.83
Instrument Elevations Reference Elev. (ft): 638.0 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 5 1 5.08 643.09 643.1 24.00 24.50 Tip 637.6 39.5
SG1-B 5 1.25 5.10 643.11 Bottom Cell 638.1 39.4
SG1-C 5 0.5 5.04 643.05 Top Cell 639.2 39.4
SG1-D 5 1 5.08 643.09 SG1 643.1 39.6
SG2-A 8 1.5 8.13 646.14 646.1 24.00 24.00 SG2 646.1 39.4
SG2-B 8 0.5 8.04 646.05 SG3 649.1 39.3
SG2-C 8 1 8.08 646.09 SG4 652.1 39.6
SG2-D 8 1.5 8.13 646.14 SG5 655.1 39.3
SG3-A 11 1 11.08 649.09 649.1 24.75 24.75 SG6 658.1 42.0
SG3-B 11 0.5 11.04 649.05 Top 664.0 36.0
SG3-C 11 1 11.08 649.09
SG3-D 11 0 11.00 649.01 Presumed EB Diameter
SG4-A 14 0 14.00 652.01 652.1 24.50 24.00 Elevation Diameter (in)
SG4-B 14 1 14.08 652.09 Tip 637.6 39.5
SG4-C 14 1 14.08 652.09
SG4-D 14 1.25 14.10 652.11
SG5-A 17 0 17.00 655.01 655.1 24.00 24.75
SG5-B 17 1 17.08 655.09
SG5-C 17 0.5 17.04 655.05
SG5-D 17 1.25 17.10 655.11
SG6-A 20 1 20.08 658.09 658.1 24.25 24.25
SG6-B 20 1.5 20.13 658.14
SG6-C 20 1.5 20.13 658.14
SG6-D 20 1 20.08 658.09
Geo-1 4 5 4.42 642.43
Geo-2 14 8.5 14.71 652.72
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
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TS-F5
O-Cell Information Reinforcing Steel Information
Shaft Information 26-6-00161 Bar size #11
60 26 # bars 13
61.5 Capacity-rated (kips) 3845 Stirrup size #4
60.0 Capacity-max (kips) 7691 Stirrup spacing (in) 6
664.00 Top plate diameter (in) 47.0 Stirrup diameter (in) 52
663.25 Top plate thickness (in) 2.00 Cage length (ft) 31.17
663.70 Bot. plate diameter (in) 47.0 Top Elev. (ft) 663.58
661.80 Bot. plate thickness (in) 2.00 632.41
657.17 632.58
658.21
630.08 Temporary Casing Permanent Casing
65.8 61.5
0.500 0.750
5.04 6.83
Instrument Elevations Reference Elev. (ft): 632.4 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 69.25 5.77 638.18 638.2 48.00 47.75 Tip 630.1 61.1
SG1-B 70.25 5.85 638.26 Bottom Cell 632.6 61.1
SG1-C 70.25 5.85 638.26 Top Cell 633.7 61.1
SG1-D 69.5 5.79 638.20 SG1 638.2 61.7
SG2-A 117.25 9.77 642.18 642.2 48.00 48.00 SG2 642.2 61.3
SG2-B 117.25 9.77 642.18 SG3 646.2 61.4
SG2-C 118 9.83 642.24 SG4 650.7 61.9
SG2-D 116.5 9.71 642.12 SG5 655.2 62.5
SG3-A 165.5 13.79 646.20 646.2 48.50 48.00 SG6 659.7 61.5
SG3-B 166 13.83 646.24 Top 664.0 61.5
SG3-C 167.25 13.94 646.35
SG3-D 165.5 13.79 646.20 Presumed EB Diameter
SG4-A 219.25 18.27 650.68 650.7 48.25 48.00 Elevation Diameter (in)
SG4-B 220.25 18.35 650.76 Tip 630.1 61.1
SG4-C 220.5 18.38 650.79
SG4-D 219.5 18.29 650.70
SG5-A 273.75 22.81 655.22 655.2 48.00 48.00
SG5-B 274.5 22.88 655.29
SG5-C 274.75 22.90 655.31
SG5-D 273.25 22.77 655.18
SG6-A 326.75 27.23 659.64 659.7 48.50 48.75
SG6-B 327 27.25 659.66
SG6-C 327.25 27.27 659.68
SG6-D 327 27.25 659.66
Geo-1 24 2.00 634.41
Geo-2 187 15.58 647.99
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
Geotechnics Research 
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TS-F6
O-Cell Information Reinforcing Steel Information
Shaft Information 20-6-00207 Bar size #14
36 20 # bars 9
36.8 Capacity-rated (kips) 2251 Stirrup size #4
36.0 Capacity-max (kips) 4503 Stirrup spacing (in) 6
664.02 Top plate diameter (in) 23.0 Stirrup diameter (in) 28
663.26 Top plate thickness (in) 1.00 Cage length (ft) 26.42
663.88 Bot. plate diameter (in) 23.0 Top Elev. (ft) 663.38
661.69 Bot. plate thickness (in) 1.00 636.96
658.31 637.04
658.26
636.55 Temporary Casing Permanent Casing
43.0 36.8
0.250 0.375
5.00 5.71
Instrument Elevations Reference Elev. (ft): 637.0 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 5 0.5 5.04 642.00 642.0 24.75 23.50 Tip 636.6 38.7
SG1-B 5 0 5.00 641.96 Bottom Cell 637.0 38.7
SG1-C 5 0 5.00 641.96 Top Cell 638.1 38.7
SG1-D 5 0.5 5.04 642.00 SG1 642.0 38.1
SG2-A 8 1 8.08 645.04 645.0 24.75 23.25 SG2 645.0 38.5
SG2-B 8 0.5 8.04 645.00 SG3 648.0 37.9
SG2-C 7 11.75 7.98 644.94 SG4 651.0 38.6
SG2-D 8 0.5 8.04 645.00 SG5 654.0 38.5
SG3-A 11 1 11.08 648.04 648.0 24.75 23.00 SG6 657.0 38.9
SG3-B 11 1 11.08 648.04 Top 664.0 36.0
SG3-C 10 11.5 10.96 647.92
SG3-D 11 0.5 11.04 648.00 Presumed EB Diameter
SG4-A 14 1 14.08 651.04 651.0 24.75 23.25 Elevation Diameter (in)
SG4-B 14 1 14.08 651.04 Tip 636.6 38.7
SG4-C 14 1 14.08 651.04
SG4-D 14 1 14.08 651.04
SG5-A 17 1 17.08 654.04 654.0 24.50 23.25
SG5-B 17 1 17.08 654.04
SG5-C 17 1 17.08 654.04
SG5-D 17 1 17.08 654.04
SG6-A 20 1 20.08 657.04 657.0 24.00 23.75
SG6-B 20 1 20.08 657.04
SG6-C 20 0.75 20.06 657.02
SG6-D 20 0.75 20.06 657.02
Geo-1 46.5 3.88 640.84
Geo-2 14 11 14.92 651.88
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
Geotechnics Research 
Program 
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As-Built Shaft Information 
Site:  Frankford Load Test Site 
Shaft:  F6 
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TS-F7
O-Cell Information Reinforcing Steel Information
Shaft Information 20-6-00203 Bar size #11
36 20 # bars 13
36.0 Capacity-rated (kips) 2251 Stirrup size #4
36.0 Capacity-max (kips) 4503 Stirrup spacing (in) 6
664.00 Top plate diameter (in) 23.0 Stirrup diameter (in) 28
663.25 Top plate thickness (in) 1.00 Cage length (ft) 29.58
663.79 Bot. plate diameter (in) 23.0 Top Elev. (ft) 663.50
661.87 Bot. plate thickness (in) 1.00 633.92
664.00 634.00
663.25
629.25 Temporary Casing Permanent Casing
43.0 36.0
0.250 0.500
5.00 6.00
Instrument Elevations Reference Elev. (ft): 633.9 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 3 7 3.58 637.50 637.5 24.25 25.50 Tip 629.3 38.4
SG1-B 3 7 3.58 637.50 Bottom Cell 634.0 38.1
SG1-C 3 7 3.58 637.50 Top Cell 635.1 38.1
SG1-D 3 7 3.58 637.50 SG1 637.5 38.0
SG2-A 7 2 7.17 641.09 641.1 25.50 25.00 SG2 641.1 37.4
SG2-B 7 2 7.17 641.09 SG3 644.5 38.5
SG2-C 7 2.5 7.21 641.13 SG4 650.1 38.3
SG2-D 7 1.5 7.13 641.05 SG5 654.5 38.7
SG3-A 10 7 10.58 644.50 644.5 24.75 25.25 SG6 659.0 36.0
SG3-B 10 8.5 10.71 644.63 Top 664.0 36.0
SG3-C 10 7.5 10.63 644.55
SG3-D 10 7 10.58 644.50 Presumed EB Diameter
SG4-A 16 1.5 16.13 650.05 650.1 24.50 25.00 Elevation Diameter (in)
SG4-B 16 2 16.17 650.09 Tip 629.3 38.4
SG4-C 16 1.5 16.13 650.05
SG4-D 16 1.5 16.13 650.05
SG5-A 20 7.5 20.63 654.55 654.5 24.50 25.00
SG5-B 20 6.5 20.54 654.46
SG5-C 20 7.5 20.63 654.55
SG5-D 20 7 20.58 654.50
SG6-A 25 0.5 25.04 658.96 659.0 25.00 25.25
SG6-B 25 0 25.00 658.92
SG6-C 25 0 25.00 658.92
SG6-D 25 1 25.08 659.00
Geo-1 3 0 3.00 636.92
Geo-2 15 0 15.00 648.92
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
Geotechnics Research 
Program 
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As-Built Shaft Information 
Site:  Frankford Load Test Site 
Shaft:  F7 
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TS-F8
O-Cell Information Reinforcing Steel Information
Shaft Information Rim Cell Bar size #14
36 24 # bars 9
36.0 Capacity-rated (kips) Stirrup size #4
36.0 Capacity-max (kips) Stirrup spacing (in) 6
663.91 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
663.25 Top plate thickness (in) Cage length (ft) 23.00
663.66 Bot. plate diameter (in) 24.0 Top Elev. (ft) 663.45
662.05 Bot. plate thickness (in) 640.45
658.91 641.27
658.25
640.41 Temporary Casing Permanent Casing
43.0 36.3
0.250 0.375
5.00 5.00
Instrument Elevations Reference Elev. (ft): 641.3 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 2 11.5 2.96 644.23 644.2 25.50 24.00 Tip 640.4 40.6
SG1-B 3 0 3.00 644.27 Bottom Cell 641.3 40.8
SG1-C 3 0 3.00 644.27 Top Cell 641.3 40.8
SG1-D 2 11.5 2.96 644.23 SG1 644.2 40.2
SG2-A 5 11.5 5.96 647.23 647.2 25.00 24.00 SG2 647.2 40.5
SG2-B 5 11.5 5.96 647.23 SG3 650.1 40.7
SG2-C 5 11.5 5.96 647.23 SG4 653.1 40.0
SG2-D 5 11.5 5.96 647.23 SG5 656.2 39.9
SG3-A 8 10.5 8.88 650.15 650.1 25.25 24.00 SG6 659.2 36.0
SG3-B 8 10.5 8.88 650.15 Top 663.9 36.0
SG3-C 8 10.5 8.88 650.15
SG3-D 8 10.5 8.88 650.15 Presumed EB Diameter
SG4-A 11 11 11.92 653.19 653.1 25.00 24.50 Elevation Diameter (in)
SG4-B 11 11 11.92 653.19 Tip 640.4 40.6
SG4-C 11 9.5 11.79 653.06
SG4-D 11 9.5 11.79 653.06
SG5-A 14 11.5 14.96 656.23 656.2 24.75 24.00
SG5-B 15 0 15.00 656.27
SG5-C 14 11.5 14.96 656.23
SG5-D 14 10.75 14.90 656.17
SG6-A 17 11 17.92 659.19 659.2 24.50 24.00
SG6-B 17 11 17.92 659.19
SG6-C 17 11 17.92 659.19
SG6-D 17 11 17.92 659.19
Geo-1 2 2 2.17 643.44
Geo-2 12 4.5 12.38 653.65
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
Geotechnics Research 
Program 
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As-Built Shaft Information 
Site:  Frankford Load Test Site 
Shaft:  F8 
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TS-F9
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00261 Bar size #11
60 16 # bars 13
61.0 Capacity-rated (kips) 1424 Stirrup size #4
60.0 Capacity-max (kips) 2849 Stirrup spacing (in) 6
664.00 Top plate diameter (in) 48.0 Stirrup diameter (in) 52
663.50 Top plate thickness (in) 2.00 Cage length (ft) 15.95
663.70 Bot. plate diameter (in) 48.0 Top Elev. (ft) 663.50
662.20 Bot. plate thickness (in) 2.00 647.55
657.17 647.72
658.46
647.00 Temporary Casing Permanent Casing
65.8 61.5
0.500 0.750
5.04 6.83
Instrument Elevations Reference Elev. (ft): 647.6 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 38.25 3.19 650.74 650.8 Tip 647.0 63.0
SG1-B 38.25 3.19 650.74 Bottom Cell 647.7 63.0
SG1-C 39.25 3.27 650.82 Top Cell 648.8 63.3
SG1-D 38.5 3.21 650.76 SG1 650.8 63.5
SG2-A 55.5 4.63 652.18 652.2 SG2 652.2 63.2
SG2-B 56.5 4.71 652.26 SG3 653.8 63.1
SG2-C 57 4.75 652.30 SG4 656.8 63.0
SG2-D 56.5 4.71 652.26 SG5 659.8 60.0
SG3-A 73.75 6.15 653.70 653.8 SG6 661.2 60.0
SG3-B 74 6.17 653.72 Top 664.0 60.0
SG3-C 75.75 6.31 653.86
SG3-D 74.25 6.19 653.74 Presumed EB Diameter
SG4-A 110.5 9.21 656.76 656.8 Elevation Diameter (in)
SG4-B 110.25 9.19 656.74 Tip 647.0 63.0
SG4-C 111.5 9.29 656.84
SG4-D 110.5 9.21 656.76
SG5-A 146.5 12.21 659.76 659.8
SG5-B 147.25 12.27 659.82
SG5-C 146.75 12.23 659.78
SG5-D 146 12.17 659.72
SG6-A 163.75 13.65 661.20 661.2
SG6-B 163.5 13.63 661.18
SG6-C 165.5 13.79 661.34
SG6-D 164.25 13.69 661.24
Geo-1 27 2.25 649.80
Geo-2 105.75 8.81 656.36
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
Geotechnics Research 
Program 
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As-Built Shaft Information 
Site:  Frankford Load Test Site 
Shaft:  F9 
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TS-F10
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00268 Bar size #14
60 16 # bars 9
61.5 Capacity-rated (kips) 1424 Stirrup size #4
60.0 Capacity-max (kips) 2849 Stirrup spacing (in) 6
664.00 Top plate diameter (in) 46.5 Stirrup diameter (in) 52
663.25 Top plate thickness (in) 2.00 Cage length (ft) 17.83
663.80 Bot. plate diameter (in) 42.0 Top Elev. (ft) 663.44
662.27 Bot. plate thickness (in) 2.00 645.61
657.17 645.78
658.21
645.18 Temporary Casing Permanent Casing
65.8 61.5
0.500 0.750
5.04 6.83
Instrument Elevations Reference Elev. (ft): 645.6 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 4 2 4.17 649.78 649.8 48.50 47.00 Tip 645.2 58.5
SG1-B 4 1 4.08 649.69 Bottom Cell 645.8 59.5
SG1-C 4 2.75 4.23 649.84 Top Cell 647.0 60.6
SG1-D 4 3 4.25 649.86 SG1 649.8 60.9
SG2-A 6 3.25 6.27 651.88 651.8 48.00 47.25 SG2 651.8 60.2
SG2-B 6 3.25 6.27 651.88 SG3 654.0 60.8
SG2-C 6 1 6.08 651.69 SG4 656.0 60.0
SG2-D 6 3.75 6.31 651.92 SG5 657.8 60.0
SG3-A 8 5 8.42 654.03 654.0 48.50 46.75 SG6 659.8 60.0
SG3-B 8 6 8.50 654.11 Top 664.0 60.0
SG3-C 8 2 8.17 653.78
SG3-D 8 4.25 8.35 653.96 Presumed EB Diameter
SG4-A 10 5 10.42 656.03 656.0 48.25 47.50 Elevation Diameter (in)
SG4-B 10 4.5 10.38 655.99 Tip 645.2 58.5
SG4-C 10 2.25 10.19 655.80
SG4-D 10 4.75 10.40 656.01
SG5-A 12 4 12.33 657.94 657.8 48.00 47.00
SG5-B 12 2.25 12.19 657.80
SG5-C 12 0 12.00 657.61
SG5-D 12 4.25 12.35 657.96
SG6-A 14 3.25 14.27 659.88 659.8 48.25 47.25
SG6-B 14 4 14.33 659.94
SG6-C 14 0.75 14.06 659.67
SG6-D 14 3.5 14.29 659.90
Geo-1 2 7.5 2.63 648.24
Geo-2 10 10.5 10.88 656.49
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TPC Elev. (ft)
MoDOT Transportation 
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As-Built Shaft Information 
Site:  Frankford Load Test Site 
Shaft:  F10 
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TOC Elev. 782.8'
SG6 (X4) Elev. 777.5'
SG5 (X4) Elev. 773.5'
SG4 (X4) Elev 769.5'
SG3 (X4) Elev. 765.5'
SG2 (X4) Elev. 761.4'
SG1 (X4) Elev. 757.5'
BOS Elev. 750.4'
BPC Elev. 767.2'
Geo-2 Elev. 768.8'
Geo-1 Elev. 754.3'
TPC Elev. 783.2'
Mat-3 Elev. 777.7'
Mat-2 Elev. 767.3'
Mat-1 Elev. 757.6'
TS-W1
Ground Elev. 779.8'
O-Cell Elev. 752.5'
hard shale (Fleming)
silty clay
sandstone (Croweburg A)
sandy shale (Croweburg B)
soft shale (Croweburg C)
740
750
760
770
780
Warrensburg Load Test Site
As-built Drawing - Test Shaft TS-W1
MoDOT Transportation Geotechnics 
Research Program
University of Missouri
Civil Engineering
Date: Dec. 30, 2011 Drawing 1 of 1
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TOC Elev. 782.9'
SG6 (X4) Elev. 776.7'
SG5 (X4) Elev. 772.7'
SG4 (X4) Elev 768.7'
SG3 (X4) Elev. 764.8'
SG2 (X4) Elev. 760.6'
SG1 (X4) Elev. 756.8'
BOS Elev. 749.7'
BPC Elev. 767.2'
TPC Elev. 783.2'
Mat-3 Elev. 775.8'
Mat-2 Elev. 766.4'
Mat-1 Elev. 755.8'
TS-W2
Ground Elev. 780.0'
O-Cell Elev. 751.8'
hard shale (Fleming)
silty clay
sandstone (Croweburg A)
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
Warrensburg Load Test Site
As-built Drawing - Test Shaft TS-W2
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TOC Elev. 782.9'
SG6 (X4) Elev. 775.3'
SG5 (X4) Elev. 769.4'
SG4 (X4) Elev 765.4'
SG3 (X4) Elev. 760.4'
SG2 (X4) Elev. 753.3'
SG1 (X4) Elev. 745.3'
BOS Elev. 735.5'
BPC Elev. 767.2'
TPC Elev. 783.2'
Mat-2 Elev. 774.5'
Mat-1 Elev. 744.3'
TS-W3
Ground Elev. 780.4'
O-Cell Elev. 738.4'
hard shale (Fleming)
silty clay
sandstone (Croweburg A)
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
Warrensburg Load Test Site
As-built Drawing - Test Shaft TS-W3
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TOC Elev. 782.9'
SG6 (X4) Elev. 775.9'
SG5 (X4) Elev. 769.9'
SG4 (X4) Elev 767.0'
SG3 (X4) Elev. 760.9'
SG2 (X4) Elev. 753.8'
SG1 (X4) Elev. 745.8'
BOS Elev. 733.5'
BPC Elev. 767.2'
TPC Elev. 783.2'
Geo-2 Elev. 762.4'
Geo-1 Elev. 740.9'
TS-W4
Ground Elev. 780.6'
O-Cell Elev. 738.9'
hard shale (Fleming)
silty clay
sandstone (Croweburg A)
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
Warrensburg Load Test Site
As-built Drawing - Test Shaft TS-W4
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TOC Elev. 783.4'
SG6 (X4) Elev. 777.0'
SG5 (X4) Elev. 774.0'
SG4 (X4) Elev 770.9'
SG3 (X4) Elev. 767.9'
SG2 (X4) Elev. 765.0'
SG1 (X4) Elev. 762.1'
BOS Elev. 756.4'
BPC Elev. 767.2'
Geo-2 Elev. 771.4'
Geo-1 Elev. 758.9'
TPC Elev. 783.7'
SB-2 Elev. 767.9'
SB-1 Elev. 760.1'
TS-W5
Ground Elev. 779.3'
O-Cell Elev. 757.0'
hard shale (Fleming)
silty clay
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
Warrensburg Load Test Site
As-built Drawing - Test Shaft TS-W5
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TOC Elev. 782.8'
SG6 (X2) Elev. 776.6'
SG5 (X2) Elev. 772.6'
SG4 (X2) Elev 768.6'
SG3 (X2) Elev. 764.6'
SG2 (X2) Elev. 760.6'
SG1 (X2) Elev. 756.6'
BOS Elev. 749.7'
BPC Elev. 767.1'
TPC Elev. 783.1'
Geo-2 Elev. 765.1'
Geo-1 Elev. 753.6'
TS-W6
Ground Elev. 780.3'
O-Cell Elev. 751.7'
hard shale (Fleming)
silty clay
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
Warrensburg Load Test Site
As-built Drawing - Test Shaft TS-W6
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TOC Elev. 782.9'
SG6 (X4) Elev. 776.4'
SG5 (X4) Elev. 772.3'
SG4 (X4) Elev 768.3'
SG3 (X4) Elev. 764.3'
SG2 (X4) Elev. 760.3'
SG1 (X4) Elev. 756.3'
BOS Elev. 749.1'
BPC Elev. 767.3'
TPC Elev. 783.3'
Geo-2 Elev. 767.7'
Geo-1 Elev. 756.1'
SB-1 Elev. 752.5'
SB-2 Elev. 767.0'
SmartPile Elev. 752.1'
TS-W7
Ground Elev. 780.6'
O-Cell Elev. 749.2'
hard shale (Fleming)
silty clay
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
Warrensburg Load Test Site
As-built Drawing - Test Shaft TS-W7
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TOC Elev. 783.1'
SG6 (X4) Elev. 774.3'
SG5 (X4) Elev. 768.3'
SG4 (X4) Elev 762.3'
SG3 (X4) Elev. 756.3'
SG2 (X4) Elev. 750.3'
SG1 (X4) Elev. 744.3'
BOS Elev. 735.1'
BPC Elev. 767.3'
TPC Elev. 783.3'
Geo-2 Elev. 761.0'
Geo-1 Elev. 739.5'
SBSG-1 Elev. 738.8'
SBSG-2 Elev. 750.5'
SBSG-3 Elev. 767.3'
SmartPile Elev. 738.5'
TS-W8
Ground Elev. 781.1'
O-Cell Elev. 735.6'
hard shale (Fleming)
silty clay
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
As-built Drawing - Test Shaft TS-W8
Warrensburg Load Test Site
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TOC Elev. 783.1'
SG6 (X4) Elev. 774.6'
SG5 (X4) Elev. 768.6'
SG4 (X4) Elev 762.6'
SG3 (X4) Elev. 756.7'
SG2 (X4) Elev. 750.7'
SG1 (X4) Elev. 744.6'
BOS Elev. 735.2'
BPC Elev. 767.4'
TPC Elev. 783.4'
Geo-2 Elev. 761.0'
Geo-1 Elev. 739.7'
SBSG-1 Elev. 738.6'
SBSG-2 Elev. 750.7'
SBSG-3 Elev. 768.2'
TS-W9
Ground Elev. 781.1'
O-Cell Elev. 735.6'
hard shale (Fleming)
silty clay
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
As-built Drawing - Test Shaft TS-W9
Warrensburg Load Test Site
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TOC Elev. 783.0'
SG6 (X4) Elev. 777.3'
SG5 (X4) Elev. 772.3'
SG4 (X4) Elev 767.3'
SG3 (X4) Elev. 762.3'
SG2 (X4) Elev. 757.3'
SG1 (X4) Elev. 752.3'
BOS Elev. 746.2'
BPC Elev. 767.2'
TPC Elev. 783.2'
Geo-2 Elev. 765.9'
Geo-1 Elev. 748.9'
SBSG-1 Elev. 750.3'
SBSG-2 Elev. 767.5'
TS-W10
Ground Elev. 780.8'
RIM Cell Elev. 747.0' (break)
hard shale (Fleming)
silty clay
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
As-built Drawing - Test Shaft TS-W10
Warrensburg Load Test Site
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TOC Elev. 783.0'
SG6 (X4) Elev. 777.7'
SG5 (X4) Elev. 772.7'
SG4 (X4) Elev 767.7'
SG3 (X4) Elev. 762.7'
SG2 (X4) Elev. 757.7'
SG1 (X4) Elev. 752.7'
BOS Elev. 745.9'
BPC Elev. 767.2'
TPC Elev. 783.2'
Geo-2 Elev. 766.3'
Geo-1 Elev. 749.2'
SBSG-1 Elev. 750.3'
SBSG-2 Elev. 767.9'
TS-W11
Ground Elev. 780.7'
RIM Cell Elev. 747.3' (break)
hard shale (Fleming)
silty clay
sandy shale (Croweburg B)
soft shale (Croweburg C)
750
760
770
780
740
As-built Drawing - Test Shaft TS-W11
Warrensburg Load Test Site
MoDOT Transportation Geotechnics 
Research Program
University of Missouri
Civil Engineering
Date: Dec. 30, 2011 Drawing 1 of 1
6
1" = 6'
3012 9 123
767.7'
750.0'
745.0'
145
TOC Elev. 782.8'
SG6 (X2) Elev. 776.6'
SG5 (X2) Elev. 772.7'
SG4 (X2) Elev 768.5'
SG3 (X2) Elev. 764.5'
SG2 (X2) Elev. 760.6'
SG1 (X2) Elev. 756.5'
BOS Elev. 749.3'
BPC Elev. 767.1'
TPC Elev. 783.1'
Geo-2 Elev. 768.1'
Geo-1 Elev. 754.4'
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TOC Elev. 782.8'
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TS-W1
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00260 Bar size #10
36 16 # bars 16
42.0 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 6
783.18 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 30.20
782.84 Bot. plate diameter (in) 24.0 Top Elev. (ft) 782.60
779.77 Bot. plate thickness (in) 1.00 752.40
767.18 752.48
750.38 Temporary Casing Permanent Casing
752.68 42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 752.4 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 5 1 5.08 757.48 757.5 24.00 24.00 Tip 750.4 36.9
SG1-B 5 1.5 5.13 757.53 Bottom Cell 752.5 36.5
SG1-C 5 1.5 5.13 757.53 Top Cell 753.6 36.5
SG1-D 5 2 5.17 757.57 SG1 757.5 37.7
SG2-A 8 11.75 8.98 761.38 761.4 24.25 24.00 SG2 761.4 37.0
SG2-B 8 11.25 8.94 761.34 SG3 765.5 38.2
SG2-C 9 0 9.00 761.40 SG4 769.5 42.0
SG2-D 9 1 9.08 761.48 SG5 773.5 42.0
SG3-A 13 1 13.08 765.48 765.5 24.25 24.00 SG6 777.5 42.0
SG3-B 13 1.25 13.10 765.50 Top 783.2 42.0
SG3-C 13 2.25 13.19 765.59
SG3-D 13 2 13.17 765.57 Presumed EB Diameter
SG4-A 17 1 17.08 769.48 769.5 24.50 25.00 Elevation Diameter (in)
SG4-B 17 1.5 17.13 769.53 Tip 750.4 36.9
SG4-C 17 0.75 17.06 769.46
SG4-D 17 2 17.17 769.57
SG5-A 21 1 21.08 773.48 773.5 24.25 25.25
SG5-B 21 0.75 21.06 773.46
SG5-C 21 1 21.08 773.48
SG5-D 21 2 21.17 773.57
SG6-A 25 0.75 25.06 777.46 777.5 24.25 25.25
SG6-B 25 1.5 25.13 777.53
SG6-C 24 11.5 24.96 777.36
SG6-D 25 1 25.08 777.48
Geo-1 0 22.5 1.88 754.28
Geo-2 16 5 16.42 768.82
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W1 
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TS-W2
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00259 Bar size #10
36 16 # bars 16
42.0 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 6
783.18 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 30.33
782.87 Bot. plate diameter (in) 24.0 Top Elev. (ft) 782.00
779.96 Bot. plate thickness (in) 1.00 751.67
767.18 751.75
749.68 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 751.7 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 5 1.5 5.13 756.80 756.8 25.50 24.75 Tip 749.7 37.3
SG1-B 5 3 5.25 756.92 Bottom Cell 751.8 37.3
SG1-C 5 1.5 5.13 756.80 Top Cell 752.9 37.6
SG1-D 5 1 5.08 756.75 SG1 756.8 38.9
SG2-A 8 11.5 8.96 760.63 760.6 25.25 24.25 SG2 760.6 37.9
SG2-B 8 11 8.92 760.59 SG3 764.8 37.8
SG2-C 8 11 8.92 760.59 SG4 768.7 42.0
SG2-D 8 11.5 8.96 760.63 SG5 772.7 42.0
SG3-A 13 1.5 13.13 764.80 764.8 25.25 23.50 SG6 776.7 42.0
SG3-B 13 1.5 13.13 764.80 Top 783.2 42.0
SG3-C 13 0.5 13.04 764.71
SG3-D 13 1 13.08 764.75 Presumed EB Diameter
SG4-A 17 0 17.00 768.67 768.7 25.25 23.75 Elevation Diameter (in)
SG4-B 17 1 17.08 768.75 Tip 749.7 37.3
SG4-C 17 1.25 17.10 768.77
SG4-D 17 0.25 17.02 768.69
SG5-A 21 0 21.00 772.67 772.7 25.75 24.25
SG5-B 21 1 21.08 772.75
SG5-C 20 11.75 20.98 772.65
SG5-D 20 11.25 20.94 772.61
SG6-A 24 11.5 24.96 776.63 776.7 25.50 24.00
SG6-B 25 1.75 25.15 776.82
SG6-C 25 0.5 25.04 776.71
SG6-D 25 0.5 25.04 776.71
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W2 
151
TS-W3
O-Cell Information Reinforcing Steel Information
Shaft Information 20-6-00200 Bar size #10
36 20 # bars 16
42.0 Capacity-rated (kips) 2251 Stirrup size #4
36.0 Capacity-max (kips) 4503 Stirrup spacing (in) 6
783.20 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 44.25
782.88 Bot. plate diameter (in) 24.0 Top Elev. (ft) 782.53
780.38 Bot. plate thickness (in) 1.00 738.28
767.20 738.36
735.53 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 738.3 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 7 0.5 7.04 745.32 745.3 24.00 24.25 Tip 735.5 36.2
SG1-B 7 0.5 7.04 745.32 Bottom Cell 738.4 36.2
SG1-C 7 0 7.00 745.28 Top Cell 739.5 37.5
SG1-D 7 0 7.00 745.28 SG1 745.3 37.5
SG2-A 15 0.5 15.04 753.32 753.3 24.25 24.00 SG2 753.3 37.6
SG2-B 15 0.5 15.04 753.32 SG3 760.4 38.7
SG2-C 15 0.5 15.04 753.32 SG4 765.4 38.1
SG2-D 15 0.5 15.04 753.32 SG5 769.4 42.0
SG3-A 22 1.75 22.15 760.43 760.4 24.75 24.75 SG6 775.3 42.0
SG3-B 22 2 22.17 760.45 Top 783.2 42.0
SG3-C 22 1 22.08 760.36
SG3-D 22 0.5 22.04 760.32 Presumed EB Diameter
SG4-A 27 1.5 27.13 765.41 765.4 24.75 24.75 Elevation Diameter (in)
SG4-B 27 2.5 27.21 765.49 Tip 735.5 36.2
SG4-C 27 1 27.08 765.36
SG4-D 27 1 27.08 765.36
SG5-A 31 0.5 31.04 769.32 769.4 24.25 24.50
SG5-B 31 3.5 31.29 769.57
SG5-C 31 1.25 31.10 769.38
SG5-D 31 0.5 31.04 769.32
SG6-A 37 1.25 37.10 775.38 775.3 23.75 24.25
SG6-B 36 11 36.92 775.20
SG6-C 37 1.25 37.10 775.38
SG6-D 37 1.25 37.10 775.38
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W3 
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TS-W4
O-Cell Information Reinforcing Steel Information
Shaft Information 20-6-00201 Bar size #10
36 20 # bars 16
42.0 Capacity-rated (kips) 2251 Stirrup size #4
36.0 Capacity-max (kips) 4503 Stirrup spacing (in) 6
783.17 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 43.75
782.85 Bot. plate diameter (in) 24.0 Top Elev. (ft) 782.60
780.61 Bot. plate thickness (in) 1.00 738.85
767.17 738.93
733.50 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 738.9 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 7 0.5 7.04 745.89 745.8 25.25 23.75 Tip 733.5 37.5
SG1-B 6 11.5 6.96 745.81 Bottom Cell 738.9 37.5
SG1-C 6 11.5 6.96 745.81 Top Cell 740.0 37.5
SG1-D 7 0 7.00 745.85 SG1 745.8 37.5
SG2-A 15 0 15.00 753.85 753.8 24.25 25.00 SG2 753.8 37.5
SG2-B 14 11.5 14.96 753.81 SG3 760.9 37.5
SG2-C 14 11.25 14.94 753.79 SG4 767.0 37.5
SG2-D 14 11.25 14.94 753.79 SG5 769.9 42.0
SG3-A 22 1.5 22.13 760.98 760.9 24.50 24.75 SG6 775.9 42.0
SG3-B 22 0 22.00 760.85 Top 783.2 42.0
SG3-C 22 0 22.00 760.85
SG3-D 22 0 22.00 760.85 Presumed EB Diameter
SG4-A 28 2 28.17 767.02 767.0 23.75 24.00 Elevation Diameter (in)
SG4-B 28 2.25 28.19 767.04 Tip 733.5 37.5
SG4-C 28 2.5 28.21 767.06
SG4-D 28 2.5 28.21 767.06
SG5-A 31 1 31.08 769.93 769.9 23.75 25.50
SG5-B 31 0.5 31.04 769.89
SG5-C 31 0.25 31.02 769.87
SG5-D 31 0.75 31.06 769.91
SG6-A 37 0.5 37.04 775.89 775.9 24.75
SG6-B 37 0 37.00 775.85
SG6-C 37 0 37.00 775.85
SG6-D 37 0.25 37.02 775.87
Geo-1 2 2.00 740.85
Geo-2 23.5 23.50 762.35
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W4 
153
TS-W5
O-Cell Information Reinforcing Steel Information
Shaft Information 13-6-00111 Bar size #10
36 13 # bars 16
42.0 Capacity-rated (kips) 928 Stirrup size #4
36.0 Capacity-max (kips) 1856 Stirrup spacing (in) 6
783.65 Top plate diameter (in) 23.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 26.33
783.41 Bot. plate diameter (in) 16.0 Top Elev. (ft) 783.23
779.32 Bot. plate thickness (in) 1.00 756.90
767.15 756.98
756.35 Temporary Casing Permanent Casing
42.0
0.250
16.50
Instrument Elevations Reference Elev. (ft): 756.9 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 5 2.25 5.19 762.09 762.1 25.50 25.50 Tip 756.4 36.3
SG1-B 5 2 5.17 762.07 Bottom Cell 757.0 36.7
SG1-C 5 1.5 5.13 762.03 Top Cell 758.1 37.3
SG1-D 5 2.25 5.19 762.09 SG1 762.1 37.8
SG2-A 8 0.75 8.06 764.96 765.0 24.50 24.50 SG2 765.0 37.6
SG2-B 8 1 8.08 764.98 SG3 767.9 42.0
SG2-C 8 1.25 8.10 765.00 SG4 770.9 42.0
SG2-D 8 0.25 8.02 764.92 SG5 774.0 42.0
SG3-A 11 0.75 11.06 767.96 767.9 25.25 24.50 SG6 777.0 42.0
SG3-B 11 0.25 11.02 767.92 Top 783.7 42.0
SG3-C 11 0.5 11.04 767.94
SG3-D 11 0.25 11.02 767.92 Presumed EB Diameter
SG4-A 14 1.25 14.10 771.00 770.9 25.50 24.50 Elevation Diameter (in)
SG4-B 14 0.75 14.06 770.96 Tip 756.4 16.0
SG4-C 13 11.25 13.94 770.84
SG4-D 13 11.5 13.96 770.86
SG5-A 17 1.25 17.10 774.00 774.0 24.75 25.00
SG5-B 17 1.25 17.10 774.00
SG5-C 17 1 17.08 773.98
SG5-D 16 11.75 16.98 773.88
SG6-A 20 1.25 20.10 777.00 777.0 25.25 25.25
SG6-B 20 1 20.08 776.98
SG6-C 20 1.25 20.10 777.00
SG6-D 20 1 20.08 776.98
Geo-1 2 0 2.00 758.90
Geo-2 14 6 14.50 771.40
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W5 
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TS-W6
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00255 Bar size #10
36 16 # bars 9
42.0 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 12
783.08 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 32.00
782.83 Bot. plate diameter (in) 24.0 Top Elev. (ft) 782.60
780.28 Bot. plate thickness (in) 1.00 750.60
767.08 751.66
749.66 Temporary Casing Permanent Casing
753.25 42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 751.6 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) Elevation Diameter (in)
SG1-A 5 0 5.00 756.58 756.6 25.50 Tip 749.7 37.9
SG1-C 5 0.5 5.04 756.62 Bottom Cell 751.7 36.0
SG2-A 9 0.5 9.04 760.62 760.6 26.00 Top Cell 752.8 36.1
SG2-C 9 0 9.00 760.58 SG1 756.6 37.8
SG3-A 13 0.5 13.04 764.62 764.6 25.00 SG2 760.6 37.8
SG3-C 13 0 13.00 764.58 SG3 764.6 38.0
SG4-A 17 0 17.00 768.58 768.5 24.75 SG4 768.6 42.0
SG4-C 16 11 16.92 768.49 SG5 772.6 42.0
SG5-A 21 0.5 21.04 772.62 772.6 25.00 SG6 776.6 42.0
SG5-C 21 0 21.00 772.58 Top 783.1 42.0
SG6-A 25 0 25.00 776.58 776.6 24.75
SG6-C 25 0.5 25.04 776.62 Presumed EB Diameter
Geo-1 2 0 2.00 753.58 Elevation Diameter (in)
Geo-2 13 6 13.50 765.08 Tip 749.7 37.9
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W6 
155
TS-W7
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00271 Bar size #10
36 16 # bars 16
42.0 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 6
783.25 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 33.40
782.94 Bot. plate diameter (in) 20.5 Top Elev. (ft) 782.52
780.57 Bot. plate thickness (in) 1.00 749.12
767.25 749.20
749.05 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 749.1 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 7 1 7.08 756.20 756.3 24.50 24.50 Tip 749.1 36.0
SG1-B 7 2.5 7.21 756.33 Bottom Cell 749.2 36.0
SG1-C 7 3 7.25 756.37 Top Cell 750.3 37.4
SG1-D 7 1 7.08 756.20 SG1 756.3 37.8
SG2-A 11 1.5 11.13 760.25 760.3 23.75 23.75 SG2 760.3 38.1
SG2-B 11 3 11.25 760.37 SG3 764.3 37.6
SG2-C 11 3 11.25 760.37 SG4 768.3 42.0
SG2-D 11 1.5 11.13 760.25 SG5 772.3 42.0
SG3-A 15 1.5 15.13 764.25 764.3 24.25 24.50 SG6 776.4 42.0
SG3-B 15 3 15.25 764.37 Top 783.3 42.0
SG3-C 15 2.5 15.21 764.33
SG3-D 15 1.5 15.13 764.25 Presumed EB Diameter
SG4-A 19 1.5 19.13 768.25 768.3 24.75 24.75 Elevation Diameter (in)
SG4-B 19 3.5 19.29 768.41 Tip 749.1 20.5
SG4-C 19 2 19.17 768.29
SG4-D 19 3 19.25 768.37
SG5-A 23 1.5 23.13 772.25 772.3 25.00 25.25
SG5-B 23 3 23.25 772.37
SG5-C 23 3 23.25 772.37
SG5-D 23 2.5 23.21 772.33
SG6-A 27 4 27.33 776.45 776.4 24.00 25.00
SG6-B 27 3.5 27.29 776.41
SG6-C 27 4 27.33 776.45
SG6-D 27 4 27.33 776.45
Geo-1 7 0 7.00 756.12
Geo-2 18 6.5 18.54 767.66
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W7 
156
TS-W8
O-Cell Information Reinforcing Steel Information
Shaft Information 20-6-00218 Bar size #10
36 20 # bars 16
42.0 Capacity-rated (kips) 2251 Stirrup size #4
36.0 Capacity-max (kips) 4503 Stirrup spacing (in) 6
783.25 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 47.33
783.12 Bot. plate diameter (in) 21.0 Top Elev. (ft) 782.83
781.11 Bot. plate thickness (in) 1.00 735.50
767.25 735.58
735.05 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 735.5 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 8 9.25 8.77 744.27 744.3 25.75 25.75 Tip 735.1 39.0
SG1-B 8 9.5 8.79 744.29 Bottom Cell 735.6 39.0
SG1-C 8 9.5 8.79 744.29 Top Cell 736.7 38.5
SG1-D 8 9.25 8.77 744.27 SG1 744.3 38.7
SG2-A 14 9.25 14.77 750.27 750.3 25.50 25.25 SG2 750.3 38.4
SG2-B 14 9.75 14.81 750.31 SG3 756.3 38.1
SG2-C 14 10 14.83 750.33 SG4 762.3 38.6
SG2-D 14 9.25 14.77 750.27 SG5 768.3 42.0
SG3-A 20 9 20.75 756.25 756.3 24.00 24.75 SG6 774.3 42.0
SG3-B 20 10 20.83 756.33 Top 783.3 42.0
SG3-C 20 9.75 20.81 756.31
SG3-D 20 9 20.75 756.25 Presumed EB Diameter
SG4-A 26 9 26.75 762.25 762.3 24.25 25.25 Elevation Diameter (in)
SG4-B 26 9.5 26.79 762.29 Tip 735.1 39.0
SG4-C 26 10 26.83 762.33
SG4-D 26 9.25 26.77 762.27
SG5-A 32 9.25 32.77 768.27 768.3 24.25 24.75
SG5-B 32 9.75 32.81 768.31
SG5-C 32 9.75 32.81 768.31
SG5-D 32 9.5 32.79 768.29
SG6-A 38 9 38.75 774.25 774.3 24.50 26.00
SG6-B 38 10 38.83 774.33
SG6-C 38 9.75 38.81 774.31
SG6-D 38 9.25 38.77 774.27
Geo-1 4 0 4.00 739.50
Geo-2 25.5 0 25.50 761.00
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W8 
157
TS-W9
O-Cell Information Reinforcing Steel Information
Shaft Information 20-6-00219 Bar size #10
36 20 # bars 16
42.0 Capacity-rated (kips) 2251 Stirrup size #4
36.0 Capacity-max (kips) 4503 Stirrup spacing (in) 6
783.39 Top plate diameter (in) 23.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 47.33
783.08 Bot. plate diameter (in) 21.0 Top Elev. (ft) 782.85
781.10 Bot. plate thickness (in) 1.00 735.52
767.39 735.60
735.22 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 735.5 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 9 1.25 9.10 744.62 744.6 25.25 25.50 Tip 735.2 36.7
SG1-B 9 1 9.08 744.60 Bottom Cell 735.6 37.0
SG1-C 9 1.25 9.10 744.62 Top Cell 736.7 37.9
SG1-D 9 2.25 9.19 744.71 SG1 744.6 38.1
SG2-A 15 2 15.17 750.69 750.7 25.00 25.00 SG2 750.7 37.5
SG2-B 15 1.75 15.15 750.67 SG3 756.7 37.5
SG2-C 15 1.75 15.15 750.67 SG4 762.6 37.5
SG2-D 15 2 15.17 750.69 SG5 768.6 42.0
SG3-A 21 2.25 21.19 756.71 756.7 24.75 25.00 SG6 774.6 42.0
SG3-B 21 1.5 21.13 756.65 Top 783.4 42.0
SG3-C 21 1.25 21.10 756.62
SG3-D 21 2.25 21.19 756.71 Presumed EB Diameter
SG4-A 27 0.75 27.06 762.58 762.6 24.75 24.75 Elevation Diameter (in)
SG4-B 27 1 27.08 762.60 Tip 735.2 36.7
SG4-C 27 1.25 27.10 762.62
SG4-D 27 1.75 27.15 762.67
SG5-A 33 0 33.00 768.52 768.6 24.25 24.25
SG5-B 33 1.25 33.10 768.62
SG5-C 33 1.5 33.13 768.65
SG5-D 33 0.75 33.06 768.58
SG6-A 39 0.5 39.04 774.56 774.6 24.50 25.00
SG6-B 39 1.25 39.10 774.62
SG6-C 39 1.5 39.13 774.65
SG6-D 39 1.5 39.13 774.65
Geo-1 4 1.5 4.13 739.65
Geo-2 25 6 25.50 761.02
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W9 
158
TS-W10
O-Cell Information Reinforcing Steel Information
Shaft Information Rim Cell Bar size #10
36 23 # bars 16
42.0 Capacity-rated (kips) Stirrup size #4
36.0 Capacity-max (kips) Stirrup spacing (in) 6
783.20 Top plate diameter (in) 23.0 Stirrup diameter (in) 28
Top plate thickness (in) Cage length (ft) 36.42
783.03 Bot. plate diameter (in) 23.0 Top Elev. (ft) 782.70
780.82 Bot. plate thickness (in) 746.28
767.20 747.00
746.20 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 747.0 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 5 3 5.25 752.25 752.3 25.75 25.25 Tip 746.2 39.0
SG1-B 5 4.5 5.38 752.38 Bottom Cell 747.0 39.0
SG1-C 5 4.5 5.38 752.38 Top Cell 747.8 39.0
SG1-D 5 4 5.33 752.33 SG1 752.3 37.9
SG2-A 10 4 10.33 757.33 757.3 25.50 25.75 SG2 757.3 37.2
SG2-B 10 4.5 10.38 757.38 SG3 762.3 37.4
SG2-C 10 4.5 10.38 757.38 SG4 767.3 42.0
SG2-D 10 3 10.25 757.25 SG5 772.3 42.0
SG3-A 15 4.5 15.38 762.38 762.3 25.25 25.75 SG6 777.3 42.0
SG3-B 15 4 15.33 762.33 Top 783.2 42.0
SG3-C 15 5 15.42 762.42
SG3-D 15 3 15.25 762.25 Presumed EB Diameter
SG4-A 20 4.5 20.38 767.38 767.3 25.25 25.75 Elevation Diameter (in)
SG4-B 20 4.5 20.38 767.38 Tip 746.2 39.0
SG4-C 20 4.5 20.38 767.38
SG4-D 20 3 20.25 767.25
SG5-A 25 4 25.33 772.33 772.3 24.75 26.00
SG5-B 25 4 25.33 772.33
SG5-C 25 4.75 25.40 772.40
SG5-D 25 3.5 25.29 772.29
SG6-A 30 3.5 30.29 777.29 777.3 25.00 25.00
SG6-B 30 3.5 30.29 777.29
SG6-C 30 4 30.33 777.33
SG6-D 30 3.25 30.27 777.27
Geo-1 1 11 1.92 748.92
Geo-2 18 11 18.92 765.92
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W10 
159
TS-W11
O-Cell Information Reinforcing Steel Information
Shaft Information RIM Cell Bar size #10
36 24 # bars 16
42.0 Capacity-rated (kips) Stirrup size #4
36.0 Capacity-max (kips) Stirrup spacing (in) 6
783.21 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) Cage length (ft) 36.25
783.04 Bot. plate diameter (in) 24.0 Top Elev. (ft) 782.81
780.73 Bot. plate thickness (in) 746.56
767.21 747.31
745.91 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 747.3 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) B-D (in) Elevation Diameter (in)
SG1-A 5 4.5 5.38 752.69 752.7 24.25 23.50 Tip 745.9 37.9
SG1-B 5 5 5.42 752.73 Bottom Cell 747.3 37.9
SG1-C 5 4.75 5.40 752.71 Top Cell 748.0 37.9
SG1-D 5 4.25 5.35 752.66 SG1 752.7 38.3
SG2-A 10 5 10.42 757.73 757.7 23.75 24.75 SG2 757.7 39.0
SG2-B 10 5.25 10.44 757.75 SG3 762.7 37.5
SG2-C 10 4.5 10.38 757.69 SG4 767.7 42.0
SG2-D 10 4 10.33 757.64 SG5 772.7 42.0
SG3-A 15 4.75 15.40 762.71 762.7 23.75 25.00 SG6 777.7 42.0
SG3-B 15 4.75 15.40 762.71 Top 783.2 42.0
SG3-C 15 5 15.42 762.73
SG3-D 15 4.5 15.38 762.69 Presumed EB Diameter
SG4-A 20 5.5 20.46 767.77 767.7 24.00 25.25 Elevation Diameter (in)
SG4-B 20 5.75 20.48 767.79 Tip 745.9 37.9
SG4-C 20 5.5 20.46 767.77
SG4-D 20 4.25 20.35 767.66
SG5-A 25 5.75 25.48 772.79 772.7 23.75 25.00
SG5-B 25 5.75 25.48 772.79
SG5-C 25 4.25 25.35 772.66
SG5-D 25 4.25 25.35 772.66
SG6-A 30 4.25 30.35 777.66 777.7 23.75 25.25
SG6-B 30 5 30.42 777.73
SG6-C 30 4.25 30.35 777.66
SG6-D 30 4.25 30.35 777.66
Geo-1 1 11 1.92 749.23
Geo-2 19 0 19.00 766.31
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W11 
160
TS-W12
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00254 Bar size #10
36 16 # bars 9
42.0 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 12
783.08 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 32.00
782.84 Bot. plate diameter (in) 24.0 Top Elev. (ft) 781.48
780.15 Bot. plate thickness (in) 1.00 749.48
767.08 751.43
749.28 Temporary Casing Permanent Casing
42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 751.3 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) Elevation Diameter (in)
SG1-A 5 1.5 5.13 756.47 756.5 23.25 Tip 749.3 37.7
SG1-C 5 1.5 5.13 756.47 Bottom Cell 751.4 37.7
SG2-A 9 3.5 9.29 760.64 760.6 23.50 Top Cell 752.4 37.7
SG2-C 9 1.5 9.13 760.47 SG1 756.5 37.8
SG3-A 13 1 13.08 764.43 764.5 22.75 SG2 760.6 38.1
SG3-C 13 2 13.17 764.51 SG3 764.5 37.8
SG4-A 17 3 17.25 768.60 768.5 23.50 SG4 768.5 42.0
SG4-C 17 1.75 17.15 768.49 SG5 772.7 42.0
SG5-A 21 4.5 21.38 772.72 772.7 23.00 SG6 776.6 42.0
SG5-C 21 4 21.33 772.68 Top 783.1 42.0
SG6-A 25 3 25.25 776.60 776.6 23.75
SG6-C 25 3 25.25 776.60 Presumed EB Diameter
Geo-1 3 0 3.00 754.35 Elevation Diameter (in)
Geo-2 16.75 0 16.75 768.10 Tip 749.3 37.7
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W12 
161
TS-W13
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00256 Bar size #10
36 16 # bars 9
42.0 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 12
783.23 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 32.00
782.84 Bot. plate diameter (in) 24.0 Top Elev. (ft) 782.19
779.96 Bot. plate thickness (in) 1.00 750.19
767.23 752.00
749.90 Temporary Casing Permanent Casing
753.15 42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 751.9 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) Elevation Diameter (in)
SG1-A 5 0.25 5.02 756.94 756.9 22.50 Tip 749.9 36.9
SG1-C 5 0.5 5.04 756.96 Bottom Cell 752.0 36.1
SG2-A 9 7.25 9.60 761.52 761.5 23.25 Top Cell 753.1 36.8
SG2-C 9 7.5 9.63 761.54 SG1 756.9 37.4
SG3-A 13 0.75 13.06 764.98 765.0 23.00 SG2 761.5 37.9
SG3-C 13 1.5 13.13 765.04 SG3 765.0 37.5
SG4-A 17 0.5 17.04 768.96 769.0 23.00 SG4 769.0 42.0
SG4-C 17 1 17.08 769.00 SG5 773.1 42.0
SG5-A 21 2 21.17 773.08 773.1 24.25 SG6 777.1 42.0
SG5-C 21 3 21.25 773.17 Top 783.2 42.0
SG6-A 25 1.75 25.15 777.06 777.1 23.50
SG6-C 25 1.5 25.13 777.04 Presumed EB Diameter
Geo-1 2 0 2.00 753.92 Elevation Diameter (in)
Geo-2 16.5 0 16.50 768.42 Tip 749.9 36.9
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W13 
162
TS-W14
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00258 Bar size #10
36 16 # bars 9
42.0 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 12
783.26 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 32.00
782.84 Bot. plate diameter (in) 24.0 Top Elev. (ft) 782.68
780.76 Bot. plate thickness (in) 1.00 750.68
767.26 752.50
750.06 Temporary Casing Permanent Casing
754.01 42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 752.4 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) Elevation Diameter (in)
SG1-A 4 10 4.83 757.25 757.3 23.50 Tip 750.1 35.6
SG1-C 5 0 5.00 757.42 Bottom Cell 752.5 37.1
SG2-A 8 10.5 8.88 761.29 761.4 24.00 Top Cell 753.5 37.2
SG2-C 9 0 9.00 761.42 SG1 757.3 39.6
SG3-A 12 10.5 12.88 765.29 765.6 23.75 SG2 761.4 36.6
SG3-C 13 5 13.42 765.83 SG3 765.6 38.8
SG4-A 16 10 16.83 769.25 769.4 23.75 SG4 769.4 42.0
SG4-C 17 0.5 17.04 769.46 SG5 773.3 42.0
SG5-A 20 9 20.75 773.17 773.3 23.75 SG6 777.4 42.0
SG5-C 21 0 21.00 773.42 Top 783.3 42.0
SG6-A 24 11.5 24.96 777.38 777.4 23.75
SG6-C 25 0 25.00 777.42 Presumed EB Diameter
Geo-1 3 0 3.00 755.42 Elevation Diameter (in)
Geo-2 16 5 16.42 768.83 Tip 750.1 35.6
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W14 
163
TS-W15
O-Cell Information Reinforcing Steel Information
Shaft Information 16-6-00257 Bar size #10
36 16 # bars 9
42.0 Capacity-rated (kips) 1424 Stirrup size #4
36.0 Capacity-max (kips) 2849 Stirrup spacing (in) 12
783.13 Top plate diameter (in) 24.0 Stirrup diameter (in) 28
Top plate thickness (in) 1.00 Cage length (ft) 32.00
782.90 Bot. plate diameter (in) 24.0 Top Elev. (ft) 781.92
780.51 Bot. plate thickness (in) 1.00 749.92
767.13 751.80
749.63 Temporary Casing Permanent Casing
752.63 42.0
0.250
16.00
Instrument Elevations Reference Elev. (ft): 751.7 Calipered Shaft Diameter
Gage ft in ft (dec) elev elev-avg A-C (in) Elevation Diameter (in)
SG1-A 5 0.75 5.06 756.78 756.8 24.50 Tip 749.6 35.0
SG1-C 5 0.5 5.04 756.76 Bottom Cell 751.8 37.0
SG2-A 9 2.5 9.21 760.93 760.8 23.50 Top Cell 752.8 37.1
SG2-C 9 0.5 9.04 760.76 SG1 756.8 38.9
SG3-A 13 2.5 13.21 764.93 764.9 23.50 SG2 760.8 38.3
SG3-C 13 1 13.08 764.80 SG3 764.9 37.8
SG4-A 17 4 17.33 769.05 768.9 23.50 SG4 768.9 42.0
SG4-C 17 1 17.08 768.80 SG5 772.9 42.0
SG5-A 21 4.5 21.38 773.09 772.9 23.00 SG6 777.0 42.0
SG5-C 21 0.5 21.04 772.76 Top 783.1 42.0
SG6-A 25 6.25 25.52 777.24 777.0 23.25
SG6-C 25 0.5 25.04 776.76 Presumed EB Diameter
Geo-1 0 23.75 1.98 753.70 Elevation Diameter (in)
Geo-2 16 6 16.50 768.22 Tip 749.6 35.0
TPC Elev. (ft)
Serial #
Nominal diameter (in) Diameter (in)
Diam. Cased (in)
Diam. Uncased (in)
TTC Elev. (ft)
TOC Elev. (ft)
Ground Elev. (ft) Bottom Elev. (ft)
BPC Elev. (ft) O-cell elevation (ft)
Length (ft) Length (ft)
BTC Elev. (ft)
BOS Elev. (ft)
Grout elev. (ft) OD (in) OD (in)
Thickness (in) Thickness (in)
MoDOT Transportation 
Geotechnics Research 
Program 
Lateral Load Tests 
 
As-Built Shaft Information 
Site:  Warrensburg Load Test Site 
Shaft:  W15 
164
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APPENDIX B  
TEST DISPLACEMENT PROFILES AND ROTATION PROFILES 
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Frankford
Test Date: 8/23/2012
Test: F1-F2 
Shape Array Data Interpretation
640
645
650
655
660
665
0 1 2 3 4 5 6 7 8 9
El
ev
at
io
n 
(ft
)
Displacement (in.)
640
645
650
655
660
665
-9 -8 -7 -6 -5 -4 -3 -2 -1 0
Elevation (ft)
Displacement (in.)
Shaft: F1 Shaft: F2
Bottom Of Shaft     .  
  Bottom  Of Shaft
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 117.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 304.6 kips
Load = 0.0 kips 
(After Unloading)
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MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Frankford
Test Date: 8/23/2012
Test: F1-F2 
Shape Array Data Interpretation
640
645
650
655
660
665
0 1 2 3 4
El
ev
at
io
n 
(ft
)
Rotation (deg.)
640
645
650
655
660
665
-4 -3 -2 -1 0
Elevation (ft)
Rotation (deg.)
Shaft: F1 Shaft: F2
Bottom Of Shaft     .  
  Bottom  Of Shaft
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 117.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 304.6 kips
Load = 0.0 kips 
(After Unloading)
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MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Frankford
Test Date: 8/29/2012
Test: F4-F6 
Shape Array Data Interpretation
635
640
645
650
655
660
665
0 2 4 6 8 10
El
ev
at
io
n 
(ft
)
Displacement (in.)
635
640
645
650
655
660
665
-10 -8 -6 -4 -2 0
Elevation (ft)
Displacement (in.)
Shaft: F4 Shaft: F6
Bottom Of Shaft     .  
  Bottom  Of Shaft
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 0.0 kips 
(After Unloading)
168
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Frankford
Test Date: 8/29/2012
Test: F4-F6 
Shape Array Data Interpretation
635
640
645
650
655
660
665
0 1 2 3 4 5
El
ev
at
io
n 
(ft
)
Rotation (deg.)
635
640
645
650
655
660
665
-5 -4 -3 -2 -1 0
Elevation (ft)
Rotation (deg.)
Shaft: F4 Shaft: F6
Bottom Of Shaft     .  
  Bottom  Of Shaft
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 117.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 0.0 kips 
(After Unloading)
169
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Frankford
Test Date: 8/27/2012
Test: F7-F8 
Shape Array Data Interpretation
630
635
640
645
650
655
660
665
0 2 4 6 8
El
ev
at
io
n 
(ft
)
Displacement (in.)
630
635
640
645
650
655
660
665
-8 -6 -4 -2 0
Elevation (ft)
Displacement (in.)
Shaft: F7 Shaft: F8
Bottom Of Shaft     .  
  Bottom  Of Shaft
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 348.5 kips
Load = 363.1 kips
Load = 0.0 kips 
(After Unloading)
*
*SAA data for the top segment of F8 was neglected since it conflicted
with LVDT and dial gage data.
170
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Frankford
Test Date: 8/27/2012
Test: F7-F8 
Shape Array Data Interpretation
630
635
640
645
650
655
660
665
0 1 2 3 4 5 6
El
ev
at
io
n 
(ft
)
Rotation (deg.)
630
635
640
645
650
655
660
665
-6 -5 -4 -3 -2 -1 0
Elevation (ft)
Rotation (deg.)
Shaft: F7 Shaft: F8
Bottom Of Shaft     .    
  Bottom  Of Shaft
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 348.5 kips
Load = 363.1 kips
Load = 0.0 kips 
(After Unloading)
171
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/1/2012
Test: W1-W2 
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0 1 2 3 4 5
El
ev
at
io
n 
(ft
)
Displacement (in.)
750
755
760
765
770
775
780
785
-5 -4 -3 -2 -1 0
Elevation (ft)
Displacement (in.)
Shaft: W1 Shaft: W2
  Top Of Shaft
   Bottom  Of Shaft
Top Of Shaft   .  
Bottom Of Shaft   .        
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 117.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 0.0 kips 
(After Unloading)
172
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/1/2012
Test: W1-W2 
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0.0 1.0 2.0
El
ev
at
io
n 
(ft
)
Rotation (deg.)
750
755
760
765
770
775
780
785
-2.0 -1.0 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W1 Shaft: W2
  Top Of Shaft
          Bottom  Of Shaft
Top Of Shaft   .  
Bottom Of Shaft           .    
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 117.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 0.0 kips 
(After Unloading)
173
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/9/2012
Test: W1-W2 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0 1 2 3 4 5
El
ev
at
io
n 
(ft
)
Displacement (in.)
750
755
760
765
770
775
780
785
-5 -4 -3 -2 -1 0
Elevation (ft)
Displacement (in.)
Shaft: W1 Shaft: W2
  Top Of ShaftTop Of Shaft        .
  Bottom  Of ShaftBottom Of Shaft         .        
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 117.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 275.4 kips
Load = 0.0 kips 
(After Unloading)
*SAA data for the top segments of W1 and W2 were neglected since they
conflicted with LVDT and dial gage data.
* *
174
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/9/2012
Test: W1-W2 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0.0 0.5 1.0 1.5 2.0
El
ev
at
io
n 
(ft
)
Rotation (deg.)
750
755
760
765
770
775
780
785
-2.0 -1.5 -1.0 -0.5 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W1 Shaft: W2
         Bottom  Of ShaftBottom Of Shaft         .     
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 275.4 kips
Load = 0.0 kips 
(After Unloading)
175
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/20/2012
Test: W1-W5 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0 2 4 6 8 10
El
ev
at
io
n 
(ft
)
Displacement (in.)
750
755
760
765
770
775
780
785
-10 -8 -6 -4 -2 0
Elevation (ft)
Displacement (in.)
Shaft: W5 Shaft: W1
Top Of Shaft   .  
  Top Of Shaft
Bottom Of Shaft      .    
  Bottom  Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 348.5 kips
Load = 0.0 kips 
(After Unloading)
176
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/20/2012
Test: W1-W5 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0 1 2 3
El
ev
at
io
n 
(ft
)
Rotation (deg.)
750
755
760
765
770
775
780
785
-3 -2 -1 0
Elevation (ft)
Rotation (deg.)
Shaft: W5 Shaft: W1
Top Of Shaft   .    Top Of Shaft
Bottom Of Shaft      .    
  Bottom  Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 348.5 kips
Load = 0.0 kips 
(After Unloading)
177
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/6/2012
Test: W3-W4 
Shape Array Data Interpretation
735
740
745
750
755
760
765
770
775
780
785
0 2 4
El
ev
at
io
n 
(ft
)
Displacement (in.)
735
740
745
750
755
760
765
770
775
780
785
-5 -3 -1
Elevation (ft)
Displacement (in.)
Shaft: W3 Shaft: W4
  Top Of Shaft
  Bottom  Of ShaftBottom Of Shaft     .  
Top Of Shaft   .  
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 0.0 kips 
(After Unloading)
178
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/6/2012
Test: W3-W4 
Shape Array Data Interpretation
735
740
745
750
755
760
765
770
775
780
785
0.0 0.5 1.0 1.5 2.0
El
ev
at
io
n 
(ft
)
Rotation (deg.)
735
740
745
750
755
760
765
770
775
780
785
-2.0 -1.5 -1.0 -0.5 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W3 Shaft: W4
  Top Of Shaft
  Bottom  Of ShaftBottom Of Shaft      .    
Top Of Shaft   .  
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 0.0 kips 
(After Unloading)
179
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/7/2012
Test: W3-W4 Soil Removed
Shape Array Data Interpretation
735
740
745
750
755
760
765
770
775
780
785
0 1 2 3 4 5 6
El
ev
at
io
n 
(ft
)
Displacement (in.)
735
740
745
750
755
760
765
770
775
780
785
-6 -5 -4 -3 -2 -1 0
Elevation (ft)
Displacement (in.)
Shaft: W3 Shaft: W4
  Bottom  Of ShaftBottom Of Shaft      .    
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 0.0 kips 
(After Unloading)
180
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/7/2012
Test: W3-W4 Soil Removed
Shape Array Data Interpretation
735
740
745
750
755
760
765
770
775
780
785
0.0 0.5 1.0 1.5 2.0
El
ev
at
io
n 
(ft
)
Rotation (deg.)
735
740
745
750
755
760
765
770
775
780
785
-2.0 -1.5 -1.0 -0.5 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W3 Shaft: W4
  Bottom  Of ShaftBottom Of Shaft     .
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 0.0 kips 
(After Unloading)
181
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/11/2012
Test: W6-W7 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0 1 2 3 4 5 6 7
El
ev
at
io
n 
(ft
)
Displacement (in.)
750
755
760
765
770
775
780
785
-7 -6 -5 -4 -3 -2 -1 0
Elevation (ft)
Displacement (in.)
Shaft: W6 Shaft: W7
Top Of Shaft   .    Top Of Shaft
  Bottom  Of ShaftBottom Of Shaft     .       
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 282.7 kips
Load = 304.6 kips
Load = 0.0 kips 
(After Unloading)
182
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/11/2012
Test: W6-W7 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0.0 0.5 1.0 1.5 2.0 2.5
El
ev
at
io
n 
(ft
)
Rotation (deg.)
750
755
760
765
770
775
780
785
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W6 Shaft: W7
Top Of Shaft   .    Top Of Shaft
   Bottom  Of ShaftBottom Of Shaft             .   
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 282.7 kips
Load = 304.6 kips
Load = 0.0 kips 
(After Unloading)
183
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 7/24/2012
Test: W8-W9 
Shape Array Data Interpretation
735
740
745
750
755
760
765
770
775
780
785
0.0 0.5 1.0
El
ev
at
io
n 
(ft
)
Displacement (in.)
735
740
745
750
755
760
765
770
775
780
785
-1.0 -0.5 0.0
Elevation (ft)
Displacement (in.)
Shaft: W9 Shaft: W8
Top Of Shaft   .    Top Of Shaft
Bottom Of Shaft     .    Bottom  Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 0.0 kips 
(After Unloading)
184
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 7/24/2012
Test: W8-W9 
Shape Array Data Interpretation
735
740
745
750
755
760
765
770
775
780
785
0.0 0.1 0.2 0.3 0.4
El
ev
at
io
n 
(ft
)
Rotation (deg.)
735
740
745
750
755
760
765
770
775
780
785
-0.4 -0.3 -0.2 -0.1 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W9 Shaft: W8
Top Of Shaft   .    Top Of Shaft
Bottom Of Shaft     .    Bottom  Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 0.0 kips 
(After Unloading)
185
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/15/2012
Test: W8-W9 Soil Removed
Shape Array Data Interpretation
735
740
745
750
755
760
765
770
775
780
785
0 1 2 3 4 5 6 7 8
El
ev
at
io
n 
(ft
)
Displacement (in.)
735
740
745
750
755
760
765
770
775
780
785
-8 -7 -6 -5 -4 -3 -2 -1 0
Elevation (ft)
Displacement (in.)
Shaft: W9 Shaft: W8
Bottom Of Shaft     .    Bottom  Of Shaft
  Top Of ShaftTop Of Shaft   .  
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 348.5 kips
Load = 0.0 kips 
(After Unloading)
186
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/15/2012
Test: W8-W9 Soil Removed
Shape Array Data Interpretation
735
740
745
750
755
760
765
770
775
780
785
0.0 0.5 1.0 1.5 2.0 2.5 3.0
El
ev
at
io
n 
(ft
)
Rotation (deg.)
735
740
745
750
755
760
765
770
775
780
785
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W9 Shaft: W8
Bottom Of Shaft       .      Bottom  Of Shaft
  Top Of ShaftTop Of Shaft   .  
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 290.0 kips
Load = 319.2 kips
Load = 348.5 kips
Load = 0.0 kips 
(After Unloading)
187
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 7/27/2012
Test: W10-W11 
Shape Array Data Interpretation
745
750
755
760
765
770
775
780
785
0.0 0.5 1.0
El
ev
at
io
n 
(ft
)
Displacement (in.)
745
750
755
760
765
770
775
780
785
-1.0 -0.5 0.0
Elevation (ft)
Displacement (in.)
Shaft: W10 Shaft: W11
  Top Of ShaftBottom Of Shaft     .  
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 0.0 kips 
(After Unloading)
188
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 7/27/2012
Test: W10-W11 
Shape Array Data Interpretation
745
750
755
760
765
770
775
780
785
0.0 0.1 0.2 0.3 0.4
El
ev
at
io
n 
(ft
)
Rotation (deg.)
745
750
755
760
765
770
775
780
785
-0.4 -0.3 -0.2 -0.1 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W10 Shaft: W11
  Top Of ShaftBottom Of Shaft       .    
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 0.0 kips 
(After Unloading)
189
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/13/2012
Test: W10-W11 Soil Removed
Shape Array Data Interpretation
745
750
755
760
765
770
775
780
785
0 1 2 3 4 5 6 7
El
ev
at
io
n 
(ft
)
Displacement (in.)
745
750
755
760
765
770
775
780
785
-7 -6 -5 -4 -3 -2 -1 0
Elevation (ft)
Displacement (in.)
Shaft: W11 Shaft: W10
  Bottom  Of ShaftBottom Of Shaft     .  
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 0.0 kips 
(After Unloading)
190
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/13/2012
Test: W10-W11 Soil Removed
Shape Array Data Interpretation
745
750
755
760
765
770
775
780
785
0.0 0.5 1.0 1.5 2.0
El
ev
at
io
n 
(ft
)
Rotation (deg.)
745
750
755
760
765
770
775
780
785
-2.0 -1.5 -1.0 -0.5 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W11 Shaft: W10
  Bottom  Of ShaftBottom Of Shaft         .
Top Of Shaft   .    Top Of Shaft
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 0.0 kips 
(After Unloading)
191
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/18/2012
Test: W12-W13 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0 2 4 6 8 10 12
El
ev
at
io
n 
(ft
)
Displacement (in.)
750
755
760
765
770
775
780
785
-12 -10 -8 -6 -4 -2 0
Elevation (ft)
Displacement (in.)
Shaft: W13 Shaft: W12
  Top Of ShaftTop Of Shaft   .  
     Bottom  Of ShaftBottom Of Shaft     .       
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 0.0 kips 
(After Unloading)
192
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/18/2012
Test: W12-W13 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0.0 1.0 2.0 3.0 4.0
El
ev
at
io
n 
(ft
)
Rotation (deg.)
750
755
760
765
770
775
780
785
-4.0 -3.0 -2.0 -1.0 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W13 Shaft: W12
  Top Of ShaftTop Of Shaft   .  
  Bottom  Of Shaft
Bottom Of Shaft          .  
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 0.0 kips 
(After Unloading)
193
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/17/2012
Test: W14-W15 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0 2 4 6 8
El
ev
at
io
n 
(ft
)
Displacement (in.)
750
755
760
765
770
775
780
785
-8 -6 -4 -2 0
Elevation (ft)
Displacement (in.)
Shaft: W15 Shaft: W14
  Top Of ShaftTop Of Shaft   .  
  Bottom  Of ShaftBottom Of Shaft         .        
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 0.0 kips 
(After Unloading)
*
*SAA data for the top segment of W14 was neglected since it conflicted
with LVDT and dial gage data.
194
MoDOT Transportation 
Geotechnics Research Program
Lateral Load Tests
Site: Warrensburg
Test Date: 8/17/2012
Test: W14-W15 Soil Removed
Shape Array Data Interpretation
750
755
760
765
770
775
780
785
0.0 0.5 1.0 1.5 2.0 2.5
El
ev
at
io
n 
(ft
)
Rotation (deg.)
750
755
760
765
770
775
780
785
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
Elevation (ft)
Rotation (deg.)
Shaft: W15 Shaft: W14
  Top Of ShaftTop Of Shaft   .  
  Bottom  Of ShaftBottom Of Shaft        .  
Load = 0.0 kips
Load = 26.8 kips
Load = 56.1 kips
Load = 85.3 kips
Load = 114.5 kips
Load = 143.8 kips
Load = 173.0 kips
Load = 202.3 kips
Load = 231.5 kips
Load = 260.7 kips
Load = 0.0 kips 
(After Unloading)
195
196 
 
 
 
 
 
 
APPENDIX C  
LOAD-DISPLACEMENT CURVES 
 
 
 
  
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6 7 8 9
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
F‐1 Dial Gage
F‐1 Top LVDT
F‐1 Bottom LVDT
F‐1 SAA Top Segment
F‐2 Dial Gage
F‐2 Top LVDT
F‐2 Bottom LVDT
F‐2 SAA Top Segment
197
050
100
150
200
250
300
350
400
0 2 4 6 8 10
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
F‐4 Dial Gage
F‐4 Top LVDT
F‐4 Bottom LVDT
F‐4 SAA Top Segment
F‐6 Dial Gage
F‐6 Top LVDT
F‐6 Bottom LVDT
F‐6 SAA Top Segment
198
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6 7 8
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
F‐7 Dial Gage
F‐7 Top LVDT
F‐7 Bottom LVDT
F‐7 SAA Top Segment
F‐8 Dial Gage
F‐8 Top LVDT
F‐8 Bottom LVDT
F‐8 SAA Top Segment
199
050
100
150
200
250
300
350
400
0 1 2 3 4 5
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐1 Dial Gage
W‐1 Top LVDT
W‐1 Bottom LVDT
W‐1 SAA Top Segment
W‐2 Dial Gage
W‐2 Top LVDT
W‐2 Bottom LVDT
W‐2 SAA Top Segment
200
050
100
150
200
250
300
350
400
0 1 2 3 4 5
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐1 Dial Gage
W‐1 Top LVDT
W‐1 Bottom LVDT
W‐1 SAA Top Segment
W‐2 Dial Gage
W‐2 Top LVDT
W‐2 Bottom LVDT
W‐2 SAA Top Segment
201
050
100
150
200
250
300
350
400
0 2 4 6 8 10
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐1 Dial Gage
W‐1 Top LVDT
W‐1 Bottom LVDT
W‐1 SAA Top Segment
W‐5 Dial Gage
W‐5 Top LVDT
W‐5 Bottom LVDT
W‐5 SAA Top Segment
202
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐3 Dial Gage
W‐3 Top LVDT
W‐3 Bottom LVDT
W‐3 SAA Top Segment
W‐4 Dial Gage
W‐4 Top LVDT
W‐4 Bottom LVDT
W‐4 SAA Top Segment
203
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐3 Dial Gage
W‐3 Top LVDT
W‐3 Bottom LVDT
W‐3 SAA Top Segment
W‐4 Dial Gage
W‐4 Top LVDT
W‐4 Bottom LVDT
W‐4 SAA Top Segment
204
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6 7 8
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐6 Dial Gage
W‐6 Top LVDT
W‐6 Bottom LVDT
W‐6 SAA Top Segment
W‐7 Dial Gage
W‐7 Top LVDT
W‐7 Bottom LVDT
W‐7 SAA Top Segment
205
050
100
150
200
250
300
350
400
0.0 0.5 1.0 1.5 2.0 2.5 3.0
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐8 Dial Gage
W‐8 Top LVDT
W‐8 Bottom LVDT
W‐8 SAA Top Segment
W‐9 Dial Gage
W‐9 Top LVDT
W‐9 Bottom LVDT
W‐9 SAA Top Segment
206
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6 7 8
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐8 Dial Gage
W‐8 Top LVDT
W‐8 Bottom LVDT
W‐8 SAA Top Segment
W‐9 Dial Gage
W‐9 Top LVDT
W‐9 Bottom LVDT
W‐9 SAA Top Segment
207
050
100
150
200
250
300
350
400
0.0 0.5 1.0 1.5 2.0 2.5 3.0
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐10 Dial Gage
W‐10 Top LVDT
W‐10 Bottom LVDT
W‐10 SAA Top Segment
W‐11 Dial Gage
W‐11 Top LVDT
W‐11 Bottom LVDT
W‐11 SAA Top Segment
208
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6 7 8
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐10 Dial Gage
W‐10 Top LVDT
W‐10 Bottom LVDT
W‐10 SAA Top Segment
W‐11 Dial Gage
W‐11 Top LVDT
W‐11 Bottom LVDT
W‐11 Top Segment
209
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6 7 8 9 10 11 12
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐12 Dial Gage
W‐12 Top LVDT
W‐12 Bottom LVDT
W‐12 SAA Top Segment
W‐13 Dial Gage
W‐13 Top LVDT
W‐13 Bottom LVDT
W‐13 SAA Top Segment
210
050
100
150
200
250
300
350
400
0 1 2 3 4 5 6 7 8
C
u
m
u
l
a
t
i
v
e
 
L
o
a
d
 
f
r
o
m
 
J
a
c
k
 
C
a
l
i
b
r
a
t
i
o
n
 
(
k
i
p
s
)
Lateral Deflection (in.)
W‐14 Dial Gage
W‐14 Top LVDT
W‐14 Bottom LVDT
W‐14 SAA Top Segment
W‐15 Dial Gage
W‐15 Top LVDT
W‐15 Bottom LVDT
W‐15 SAA Top Segment
211
212 
 
 
REFERENCES 
 
AASHTO (2012), AASHTO LRFD Bridge Design Specification: Customary U.S. Units, American 
Association of State Highway and Transportation Officials, 6
th 
Edition with 2013 Interim 
Revisions. 
AASHTO (2010), Standard Test Method for Slump of Hydraulic-Cement Concrete, American 
Association of State and Highway Transportation Officials. 
AASHTO (2005), Standard Method of Test for Air Content of Freshly Mixed Concrete by the Pressure 
Method, American Association of State and Highway Transportation Officials. 
ASTM Standard D3966 (2007), “Standard Test Methods for Deep Foundations Under Lateral Load,” 
ASTM International, West Conshohocken, PA, 2007, DOI: 10.1520/D3966-07, www.astm.org. 
ASTM Standard C1621-09b (2009), “Standard Test Method for Passing Ability of Self-Consolidating 
Concrete by J-Ring,” ASTM International, West Conshohocken, PA, 2009, DOI: 
10.1520/C1621_C1621M-14,www.astm.org.  
Brown, D.A., J.P. Turner, and R.J. Castelli (2010), Drilled Shafts: Construction Procedures and LRFD 
Design Methods, FHWA-NHI-10-016. 
Dywidag-Systems International (DSI) (2013), DYNA Force® Elasto-Magnetic Sensor: Force Monitoring 
of Post-Tensioned Steel Elements, Product Brochure. Accessed December 9, 2013: 
http://www.dsiamerica.com/uploads/media/DSI_USA_DYNA_Force_Elasto- 
Magnetic_Sensor_us_02.pdf. 
Frantzen, J. and F.W. Stratton (1987), P-Y Curve Data for Laterally Loaded Piles in Shale and 
Sandstone, Report No. FHWA-KS-87-2 by Kansas Department of Transportation. 
Geokon (2012), Model 4200 Series Vibrating Wire Strain Gages Instruction Manual, Document Rev. P. 
Google Earth (2011a), 38º 08’ 58.34” N and -90º 56’ 47.11” E. Google Earth. May 3, 2010, October 29, 
2011. 
Google Earth (2011b), 39º 28’ 45.38” N and -91º 18’ 17.85” E. Google Earth. May 3, 2010, August 13, 
2011. 
Google Earth (2011c), 38º 56’ 08.74” N and -92º 22’ 17.03” E. Google Earth. May 3, 2010, August 13, 
2011. 
Google Earth (2011d), 38º 46’ 12.76” N and -93º 42’ 48.50” E. Google Earth. June 15, 2009, August 13, 
2011. 
Isenhower, W.M. and S-T Wang (2011), Technical Manual for L-Pile, Version 6. 
Measurand Inc. (2013), ShapeAccelArray Manual, Rev. 0. 
Missouri Department of Transportation (2011), Engineering Policy Guide, LRFD Bridge Design 
Guidelines for Drilled Shafts, EPG 751.37. 
Pierce, M.D., J.E. Loehr, B.L. Rosenblad (2015), Load and Resistance Factor Design of Drilled Shafts in 
Shale Using SPT and TCP Measurements, Report to Missouri Department of Transportation 
(under review). 
Reese, L.C., W.M. Isenhower, and S-T Wang (2006), Shallow and Deep Foundations, John Wiley & 
Sons, Hoboken, New Jersey. 
 
 
